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Abstract 
 
The work described in this thesis relates to the fastidious anaerobic intestinal 
spirochaete Brachyspira pilosicoli, a bacterium that colonises the large intestine of a 
variety of species. The spirochaete can attach to the colorectal epithelium of the host, 
forming a ‘false brush border’. Colonised individuals may develop gastrointestinal 
disorders including chronic diarrhoea, abdominal pain and rectal bleeding. Despite 
the widespread occurrance of the infection, and the fact that it causes disease in 
important production animal species (pigs and chickens), as well as in human beings, 
the spirochaete has not been extensively studied. 
 
The aim of the work was to analyse and improve understanding of the genetic 
diversity and population structure of B. pilosicoli, including gaining insights into 
how this species has been shaped, and how it is continuing to evolve. To achieve this 
overarching aim, three objectives were developed: 
1. To assemble a large collection of isolates of B. pilosicoli  from different host 
species and locations. 
2. To develop multilocus sequence typing (MLST) and multiple locus variable 
number tandem repeat analysis (MLVA) as new molecular methods for analyzing 
the B. pilosicoli population, and applying them to the collection. 
3. To examine the occurrence of the beta-lactamase gene blaOXA-63 in B. pilosicoli 
strains from different origins, to assess variations in the sequence of the gene to 
deduce its molecular evolution, and to compare it to that of other housekeeping 
genes and repeat sequences that were studied. 
 Abstract 
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MLST and MLVA were both successfully developed for the first time, and the 
application of both methods identified extensive variation amongst the 131 isolates 
that were studied. A total of 127 sequence types (STs) were found with MLST, 
whilst using MLVA 102 variable number tandem repeats (VTs) were identified from 
a subset of 119 isolates. In MLST a large number of alleles were identified at each 
locus, with all loci being highly polymorphic. The calculated Standardized Index of 
Association value and the results of a Shimodaira-Hasegawa (SH) test both indicated 
that there was extensive recombination within the population. When using eBURST 
on the MLST data, five small clonal complexes (Cc) were identified, indicating that 
limited clonality occurs in the species. This recombinant population structure of B. 
pilosicoli  was in distinct contrast to those of the related species Brachyspira 
hyodysenteriae  and  Brachyspira intermedia, where previous MLST studies have 
indicated that both species are essentially clonal. Recombinant species are less stable 
and more rapidly evolving than clonal species; indeed, some of the clonal 
Brachyspira species may have arisen from the generation of stable variants of a 
recombinant species such as B. pilosicoli, with these new variants being selected for 
because they were particularly suited to a specialised ecological niche. 
 
To complement these data, the distribution and sequence variation of the blaOXA-63 
gene, encoding a group IV class D beta-lactamase, was analysed in the B. pilosicoli 
population. Unlike the housekeeping genes used in MLST, this gene should only be 
under positive selection pressure  in situations where the spirochaete is regularly 
exposed to beta-lactam antibiotics. Amongst the 119 isolates tested, 15 apparently 
lacked the gene, 16 had the full gene, and the rest only had portions of the gene 
amplifiable. Of the 16 full genes, nine showed less than 20 nucleotides difference Abstract 
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from the original blaOXA-63  gene, but seven showed differences of 25 to 207 
nucleotides in the expected 804 base pairs. When the blaOXA-63 sequence and the 
sequences of the seven housekeeping genes used in MLST in these 16 strains were 
compared with those in control strain 95/1000, the esterase fragment showed the 
greatest difference (19.5%); the other six housekeeping loci varied by 1.3% to 5.0%, 
and blaOXA-63 differed by 9.1%.  These results suggest that MLST analysis based on 
housekeeping loci may actually underestimate the overall extent of nucleotide 
variation between B. pilosicoli strains. 
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CHAPTER ONE: LITERATURE REVIEW 
 
1.1 GENERAL INTRODUCTION 
 
1.1.1  Preface 
 
The experimental work described in this thesis was focused on investigating the 
genetic diversity and population structure of the anaerobic intestinal spirochaete 
Brachyspira pilosicoli.  
 
Accordingly, this literature review aims to give an introduction to  the topics 
examined. It begins with an introduction to the spirochaetes and to the different 
genera in this group of bacteria, before concentrating on the intestinal spirochaetes of 
the genus Brachyspira. A brief description is given of the different species in the 
genus, before going into more detail about Brachyspira pilosicoli, the main 
microorganism of interest in this thesis.  
 
The next section of the review focuses on providing an introduction to the methods 
that are available for analyzing bacterial populations, and their application to the 
various Brachyspira species.  
 
The penultimate section describes the function of beta-lactamase enzymes, their 
associated genes and current knowledge about their presence and role in B. 
pilosicoli. This information is provided because the distribution and sequence of a 
beta-lactamase gene was used in the study to help understand potential horizontal 
gene transfer in the species. 
 
The chapter concludes with a description of the aims and objectives of the current 
study.  Chapter 1: Literature Review 
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1.2  GENERAL DESCRIPTION OF INTESTINAL SPIROCHAETES 
 
1.2.1 Introduction to the spirochaetes 
 
Spirochaetes, order Spirochaetales, are a group of weakly staining Gram-negative 
bacteria with a long, helical or spiral shaped cell body. They range from 0.75-250μm 
in length and 0.1-5μm in diameter and various members can be found free-living in 
the environment whilst others are host-associated. The order is divided into three 
major families, Spirochaetaceae, Leptospiraceae and Brachyspiraceae (Paster and 
Dewhirst, 2001) and each contains several genera that will be discussed in detail 
later.  
 
Apart from the comparative analysis of their 16S rRNA sequence which confirmed 
that spirochaetes are a distinct monophyletic phylum, the presence of several unique 
morphological features also suggest their early evolution from a common ancestor 
within the Bacterium domain (Parr, 1923; Paster et al., 1991; Maidak et al., 1994; 
Paster and Dewhirst, 1997; Zuerner, 1997).  
 
Morphologically, spirochaetes are made up of three basic structural components 
(Figure 1.1), comprising a protoplasmic cylinder that consists of the cytoplasmic 
membrane-cell wall complex enveloping the cytoplasm and  nucleus, periplasmic 
flagella that vary in numbers between species, and an outer sheath or outer cell 
envelope - a membrane that completely surrounds the cell (Canale-Parola 1978).  
 Chapter 1: Literature Review 
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Figure 1.1 Schematic longitudinal-section of a spirochaete. Adapted from Canale-Parola 
(1978) 
 
The periplasmic flagella are located between the protoplasmic cylinder and the outer 
membrane, and are inserted subterminally into insertion discs located at both ends of 
the bacterium. The flagella coil around the body, and are usually overlapping at the 
centre of the bacteria (Paster and Dewhirst, 1997). This conformation enables the 
spirochaete to move in a corkscrew manner through highly viscous liquid or semi-
solid media (Paster et al., 1991), such as those found in connective tissues between 
joints and the mucin overlying the intestinal epithelium, which normally inhibits the 
motility of other flagellated bacteria (Greenberg and Canale-Parola, 1977a; 
Greenberg and Canale-Parola, 1977b; Naresh and Hampson, 2010).  
 
Some spirochaetes are tightly wound while others are loosely coiled. Due to their 
tolerance to different levels of oxygen, they may be classified into anaerobic, 
facultative anaerobic, microaerophilic or aerobic (Canale-Parole, 1978; Smibert, 
1989; Miller et al., 1991).  Under deteriorating environmental conditions, some 
spirochaetes can transform themselves into a sphere-like structure that may be 
similar to the self preservation mechanism of spore formation found in some Gram 
positive bacteria (Stanton and Lebo, 1988; Faine, 1998; Murgia and Cinco, 2004). 
 Chapter 1: Literature Review 
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1.2.2  Current taxonomy of the family Spirochaetaceae 
 
The family Spirochaetaceae consists of six genera, namely Borrelia, Brevinema, 
Cristispira, Spirochaeta, “Spironema”, and Treponema (Defosse, 1995). The ends 
of the cells are not usually hooked and they are dependent on carbohydrate and/or 
amino acids as carbon and energy sources, whereas long chain fatty acids or alcohol 
are not utilized for this purpose (Canale-Parola, 1984).  
 
1.2.2.1 Borrelia 
 
Members in this genus range from 0.2-0.5μm in diameter and 8-30μm in length. The 
mode of transmission of all the species is from haematophagous arthropods to 
vertebrates and there is often transovarial transmission of borreliae within 
arthropods. Their genomic DNA is made up of 27-32% guanidine-cytosine (G+C). 
Currently, there are 36 known species of Borrelia  and 12 are known to cause 
borreliosis or Lyme disease (Barbour and Hayes, 1986; Pal and Fikrig, 2010). 
 
1.2.2.2 Brevinema 
 
The only classified species belonging to this genus is Brevinema andersonii. This 
spirochaete has one sheathed flagellum at each end, and these extend sub-terminally 
from the ends and overlap near the cell’s center. The cells are shorter (4-5μm) and 
have a greater wavelength (1.5 -2.5μm)  than  most  other  spirochaetes.  The  G+C 
content of this organism is 34%. Partial sequencing of the 16S rRNA gene also 
indicates that this spirochaete represents a separate branch from other genera. It is Chapter 1: Literature Review 
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microaerophilic and has been isolated from blood, spleen and kidney tissues of short 
tailed shrews and white-footed mice (Anderson et al., 1987; Defossa et al., 1995). 
 
1.2.2.3 Cristispira 
 
Cristispira are large (30-180μm by 0.5-3μm) spirochaetes that are commensal in the 
digestive tract of a range of mollusks and aquatic organisms. They have helical cells 
with 3-10 complete turns with an ovoid inclusion body. They contain 100 or more 
periplasmic flagella that may intertwine to form a ‘crista’ or ridge along the surface 
of the organism (Penn, 1990; Neulinger et al, 2010). 
 
1.2.2.4 Spirochaeta 
 
Spirochaeta are free-living spirochaetes, 0.2-0.75μm in diameter and 5-250μm in 
length and have a G+C content of 51-65%. Species of Spirochaeta  have two 
periplasmic flagella with the exception of Spirochaeta plicatilis. The latter is large 
and has 18 to 20 periplasmic flagella inserted near each end of the protoplasmic 
cylinder. Also, the periplasmic flagella of the spirochaete are permanently wound 
around its cell body and are endocellular. They are obligate or facultatively 
anaerobic. Under aerobic conditions, facultatively anaerobic species can produce 
carotenoid pigments that result in a yellow to red pigmentation to its colony. 
Carbohydrates are utilized as the only energy sources, and they are not known to 
have any pathogenic effects (Canale-Parola, 1984; Leschine et al, 2006). 
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1.2.2.5 Spironema 
 
This genus is not classified officially in the order Spirochaetales. Only one species, 
Spironema culicis, had been identified. It was extracted from the mosquito Culex 
pipiens (Paster et al., 2001; Cechová et al., 2004). 
 
1.2.2.6 Treponema 
 
Morphologically, the species in this genus are indistinguishable from those of the 
Borrelia genus. Treponema cells are typically 0.1-0.4μm in diameter and 5-20μm in 
length. They are strictly anaerobic or microaerophilic and they require long or short 
chain fatty acids for metabolism and growth as they are unable to synthesize them. 
They are highly invasive but delicate organisms that require an environment with a 
pH value of 7.2-7.4 and a temperature of 30-37 °C. The G+C content of this genus 
ranges from 25-54%. The most well known pathogenic species in this genus is T. 
pallidum, the cause of syphilis in humans (Oscar, 1973; Penn, 1990; Stanton et al., 
1991). 
 
1.2.3 Family Leptospiraceae 
 
The family Leptospiraceae  consists of three genera, Leptonema, Leptospira and 
Turneriella. The cells have a clockwise helical confirmation with at least one hooked 
end. Two periplasmic flagella occur per cell and they rarely overlap in the middle. 
Long chain fatty acids or long chain fatty alcohols are utilized as energy and carbon 
sources (Johnson, 1984). Chapter 1: Literature Review 
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1.2.3.1 Leptonema 
 
Leptonema cells are 13 to 21μm long and 0.1μm wide. They have hooked ends and 
the wavelength of the coils is 0.6μm, and the amplitude about 0.1pm. Leptonema 
differ from Leptospira in having cytoplasmic tubules and flagellar basal bodies of 
similar structure to that of Gram-positive bacteria (Hovind-Hougen, 1979). 
 
1.2.3.2 Leptospira  
 
There are 20 known species in the Leptospira genus. They vary in size from 6 to 
21μm in length and 0.1μm wide with a hooked end. Unstained cells are not visible 
under bright-field microscope but are visible under dark-field illumination and phase 
contrast microscopy. They are obligately aerobic and use fatty acids or fatty alcohol 
as energy sources. Some strains are parasitic while others are free living in the 
environment. The G+C content of this organism is 35-41%.  Leptospira  are also 
grouped into serovars according to their antigenic relatedness (Russell et al., 1979, 
Ko et al., 2009). 
 
1.2.3.3 Turneriella 
 
The species Turneriella parva was previously classified as Leptospira parva but was 
found to belong to another genus through DNA-DNA relatedness studies. Cells 
measure 0.3 by 3.5–7.5μm  with  wavelengths  of  0.3–0.5μm.  They  are  obligately 
aerobic and their G+C content is 48%, different from their counterparts in the 
Leptospira genus (Levett 2005). Chapter 1: Literature Review 
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1.2.4 Family Brachyspiraeae 
 
1.2.4.1 Brachyspira 
 
The genus Brachyspira  contains some species that were previously known as 
Campylobacter,  Treponema,  Serpula  and/or  Serpulina  (Stanton  et al., 1991; 
Hampson  et al., 1997; Ochiai et al., 1997). It currently contains seven official 
species: Brachyspira hyodysenteriae, B. intermedia, B. innocens, B. alvinipulli, B. 
murdochii,  B.  aalborgi  and  B.  pilosicoli,  as well as several unofficially named 
species. They are all fastidious anaerobes that colonize the lower gastrointestinal 
tracts of a wide range of host species. Small amounts of oxygen can be metabolized 
by the anaerobic Brachyspira utilizing NADH oxidase, which allows them to thrive 
in the intestinal tissue where oxygen diffusion occurs. The relationship of the 
different species can be seen in the phylogenetic tree based on 16S rDNA sequences 
shown as Figure 1.2 (Råsbäck et al., 2007).  
 
1.2.4.2 Brachyspira hyodysenteriae 
 
Brachyspira  hyodysenteriae  is a pathogenic, non-zoonotic,  strongly haemolytic 
Brachyspira species (Hampson et al., 1999). It is 7-12μm long and 0.3-0.4μm wide 
with 7-14 periplasmic flagella attached at the blunt terminal ends of the cells. It 
causes a disease called swine dysentery (SD) in pigs, manifesting as a severe 
inflammation of the large intestine resulting in bloody mucoid diarrhoea. SD most 
commonly occurs in grower pigs, and in severe cases it may lead to death. Chapter 1: Literature Review 
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Cholesterol that is present in the host cell membranes and intestinal mucus is 
required for growth of the bacteria. B. hyodysenteriae can survive for up to 7 days in 
faeces at 25°C and its spread within a piggery may be assisted by poor drainage. 
Treatment using antimicrobials such as tiamulin, carbadox, lincomycin, 
dimetridazole and tylosin have been successful in controlling the infection, but B. 
hyodysenteriae strains that are resistant to these drugs are increasingly being found 
(Taylor and Alexander, 1971; Harris et al., 1972; Stanton, 1997; Karlsson et al., 
2004; Duinhof et al., 2008; Ohya and Sueyoshi, 2010; Hidalgo et al., 2011).  
 
1.2.4.3 Brachyspira intermedia 
 
Brachyspira  intermedia  cells are 7.5-10μm  long  and  0.37-0.45μm  in  width  with 
blunt ends and 12-14 periplasmic flagella at each end. Morphologically and 
biochemically, this species is indistinguishable from B.  hyodysenteriae, but it is 
weakly haemolytic on blood agar. It is mainly known as a pathogen of adult 
chickens, causing diarrhoea, faecal staining of eggs, poor egg production, and 
retarded growth (Dwars et al., 1990; Dwars et al., 1992a; Dwars et al., 1992b; 
Stanton et al., 1997; Phillips et al., 2004; Phillips et al., 2005). 
 
1.2.4.4 Brachyspira innocens 
 
Brachyspira innocens is 5.3-14.1μm long and 0.3-0.4μm wide with 8-12 periplasmic 
flagella at each of the blunt cell ends. They are a weakly haemolytic, non-pathogenic 
species that has been found in a wide range of hosts (Hudson et al., 1976; Kinyon 
and Harris, 1979). Chapter 1: Literature Review 
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1.2.4.5 Brachyspira alvinipulli  
 
Brachyspira alvinipulli is 8-11μm long and 0.2-0.3μm wide with 11-15 periplasmic 
flagella at each of its blunt cell ends. It is weakly haemolytic when grown on blood 
agar plates. It is found in a range of avian hosts, penetrating the caecal epithelium in 
diseased birds and causing mild diarrhoea (Swayne et al., 1995; Stanton et al., 1998; 
Stephens and Hampson, 1999). 
 
1.2.4.6 Brachyspira murdochii  
 
Brachyspira  murdochii  cells are 5-8  μm  long  and  0.3  μm  wide,  with  11-13 
periplasmic flagella inserted at each of the blunt ends. They are weakly haemolytic 
and when present in large numbers in the porcine large intestine they are thought to 
have the potential to induce a mild colitis (Stanton et al., 1997; Trott et al., 1995; 
Weissenböck et al., 2005; Jensen et al., 2010). 
 
 Chapter 1: Literature Review 
11 
 
 
 
Figure 1.2  Phylogenetic tree based on 16S rDNA sequences of 66 Brachyspira 
isolates. Adapted from Råsbäck et al. (2007). This shows the relationships of the 
seven official species and two other  proposed species (the latter marked in 
parenthesis) Chapter 1: Literature Review 
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1.2.4.7 Brachyspira aalborgi  
 
Brachyspira aalborgi cells are 1.5-6μm long and 0.2μm wide with 4 periplasmic 
flagella and pointed ends. They show little or no haemolytic activity on blood agar. 
This species is found in the intestinal tracts of humans and some primates and is of 
unknown pathogenicity (Hovind-Hougen et al., 1982). 
 
1.2.4.8 Other unofficially named species  
 
There are other unofficial Brachyspira species that have been detected in a wide 
range of hosts. These include ‘Brachyspira canis’ isolated from dogs (Duhamel et 
al., 1998), ‘Brachyspira pulli’ from chickens (Stephens and Hampson, 1999), 
‘Brachyspira suanatina’ from pigs and mallards (Råsbäck et al., 2007), 
‘Brachyspira corvi’ from corvid birds (Jansson et al., 2008a), and ‘B. rattus’, ‘B. 
muridarum’ and ‘B. muris’ isolated from rodents (Backhans et al., 2010). All these 
species are suspected to cause some form of diarrhoea in the infected hosts. 
 
1.2.4.9 Brachyspira pilosicoli 
 
The seventh officially named species is Brachyspira pilosicoli, the subject of this 
thesis. Cells of this spirochaete are 4-12μm in length and 0.19-0.30μm in width and 
are typically shorter and thinner than those of other Brachyspira species. Cells have 
4-7 periplasmic flagella inserted in a single line at each cell end. This trait 
differentiates  B. pilosicoli  from other  Brachyspira  species that, apart from B. 
aalborgi, have more than seven sub-terminally inserted flagella arranged in two Chapter 1: Literature Review 
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rows. The terminal end of the B. pilosicoli  cell is covered by a unique lattice 
structure and the end is characteristically pointed,  suggesting that this structure 
might play a role in attachment and the pathogenesis of the species. The spirochaete 
is weakly haemolytic and grows relatively quickly (3 days) under optimal 
conditions. B. pilosicoli is tolerant to the presence of low concentrations of oxygen 
(5-7%) and survives in a wide pH range. It is resistant to spectinomycin, colistin and 
vancomycin while spiramycin and rifampin retards its growth (Sellwood and Bland, 
1997; Trott et al., 1996; Taylor et al., 1980; Stephens and Hampson, 2002). 
 
 
 
 
 
 
Figure 1.3 
Transmission electron 
micrograph of 
Brachyspira pilosicoli 
attached end-on to the 
colonic mucosa, 
showing a "false brush 
border." (Stanton, 
1997) 
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1.2.5  B. pilosicoli infection and pathogenesis in humans and animals 
 
1.2.5.1 Introduction 
 
Brachyspira  pilosicoli  is able to attach by one of its pointed cell ends onto the 
luminal surface of enterocytes in the large intestine, creating a characteristic “false 
brush border” on the surface (Figure 1.3). Virulence factors for B. pilosicoli are 
poorly understood, but this dense layer of spirochaetes may form a physical barrier 
that prevents the reabsorption of water in the colon, resulting in watery diarrhoea. 
Proteolytic membrane proteins of B.  pilosicoli  also may interact with the host, 
contributing to localized enterocyte damage. The biological activity of 
lipooligosaccharides on the outer envelope may contribute to cytokine release and 
colonic lesions (Naresh et al., 2009). B. pilosicoli contains numerous genes encoding 
chemotaxis proteins, and these allow the spirochaete to respond to the specific 
environmental conditions of the colon, moving down chemical gradients and 
enhancing the capacity to colonize.  
 
Surface lipoproteins also may contribute to virulence by facilitating attachment to 
surface receptors on the host cell surface (Gad et al.  1977; Girard et al., 1995; 
Dassanayake et al., 2004; Wanchanthuek et al., 2010). In humans, the diarrhoea 
associated with B. pilosicoli colonization may be accompanied with abdominal 
discomfort and rectal bleeding, which results in a condition known as “intestinal 
spirochaetosis” (IS) (Harland and Lee, 1967; Mikosza et al., 2001).  
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1.2.5.2 Intestinal spirochaetosis in animals 
 
B. pilosicoli has been found in a wide range of host species, including human beings. 
This is different from the other members of the Brachyspira group that usually target 
a limited range of specific host species. Clinical signs of spirochaetosis are not 
always observed in colonized individuals (Glavits et al., 2011), indicating that the 
pathogenesis of the disease is complex. Infection with B. pilosicoli is recognized as 
having an important economic impact in layer and breeder chickens, and in pigs.  
 
B. pilosicoli has been found colonizing a range of avian species, causing a condition 
called avian intestinal spirochaetosis (AIS). In layer chickens, AIS causes delays and 
reductions in egg production and an increase in faecal water content that results in 
wet litter and faecal staining of eggshells (Hampson and Swayne, 2008).  Retarded 
growth and matted faeces around the vent also have been recorded (Phillips et al., 
2005).  
 
Porcine intestinal spirochaetosis (PIS) commonly affects growing pigs between 8-13 
weeks old. There is an incubation period of 3-21 days before colonization with B. 
pilosicoli manifests clinically. The initial stage of disease results in the production of 
sticky faeces that adhere to the pen floor. The infected pigs can develop a free 
flowing, wet-cement like faeces with occasional blood flecks 1-3 days later, and 
their weight gain is reduced by up to 40% during this period. Microscopic 
examinations of the colon may reveal erosion of the mucosal epithelium including 
mild catarrhal, multifocal ulcerative or erosive colitis and oedematous thickening of Chapter 1: Literature Review 
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the mucosa with crypt and capillary dilation. Crypts may contain cellular debris, 
indicative of degeneration of the epithelium (Taylor, 1992). 
 
PIS may be controlled by treatment with antimicrobial drugs such as tiamulin, 
lincomycin, dimetridazole, tylosin, carbadox, olaquindox and tetracycline coupled 
with adjunctive therapy such as improved management and pen hygiene (Taylor and 
Trott, 1997). Currently, there are no chemotherapeutic compounds that are registered 
for treatment or prevention of AIS. Drugs that are used for PIS treatment have also 
been used on laying chickens with limited success; and importantly they have not 
provided any long term control -  with recurrence of infection and reduction in 
performance occurring (Hampson and Swayne, 2008). Similar to the situation with 
B. hyodysenteriae, drug resistance is beginning to pose a problem for the treatment 
of B. pilosicoli infections (Pringle, 2006). 
 
1.2.5.3 Human intestinal spirochaetosis (HIS)  
 
Spirochaetes were first found in the lower parts of the human intestine in 1884 when 
they were considered to be part of the normal intestinal microflora (Escherich, 
1884). Further investigations based on morphological features of the bacterial cells 
using direct microscopy of faeces suggested that the organisms were commensal 
(MacFie, 1917). Subsequently, with the aid of an electron microscope, it was 
discovered that large numbers of spirochaetes could be found attached to the 
colorectal mucosa of human patients in a histologically-defined condition named 
human intestinal spirochaetosis (HIS) (Harland and Lee, 1967). Subsequently, cases 
of HIS have been reported in patients with various gastrointestinal disorders, in Chapter 1: Literature Review 
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immunocompromised patients, homosexual men as well as in healthy individuals 
(Ruane et al., 1989).  
 
Clinical signs of HIS may include abdominal pain, flatulence, diarrhoea, 
constipation, faecal blood, vomiting and other abdominal complaints (Lindboe et al., 
1993; White et al., 1994; Mikosza et al., 2001). To date there have been fewer 
detailed studies conducted on HIS than on either PIS or AIS, although these 
conditions share the same aetiological agent and have many clinical similarities. 
 
1.2.6  Genome sequences of Brachyspira species  
 
Within the last two years the genome sequences of single strains of four different 
Brachyspira species have been published. They are B. hyodysenteriae strain WA1 
(Bellgard et al., 2009), B. pilosicoli strain 95/1000 (Wanchanthuek et al., 2010), B. 
murdochii  strain 56-150
T  (Pati  et al., 2010), and B. intermedia strain PWS/A
T 
(Håfström  et al., 2011), All four species contain circular genomes, with the B. 
pilosicoli genome being the smallest at 2,586,443 base pairs. B. hyodysenteriae and 
B. intermedia both contained their own distinct circular plasmids. Over the next few 
years sequencing of the genomes of other Brachyspira  species and of multiple 
strains of each of these species will undoubtedly further illuminate the relationships 
within the genus, and how the species have evolved.  
 
1.2.7  Genetic variation in B. pilosicoli  
 
In a landmark paper, Smith et al. (1993) posed the question “How clonal are Chapter 1: Literature Review 
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bacteria”? Up until that time it was thought that bacterial species were clonal – i.e. 
consisting of related strains in which the rate of recombination of large chromosomal 
segments was not high  enough to randomize genomes or break up clonal 
associations. In this study, using multilocus enzyme electrophoresis (MLEE) data, 
they showed that not all species of bacteria have this population structure. For 
example, whilst some species such as Salmonella were found to be clonal at all 
levels of analysis, at the other extreme, Neisseria gonorrhoeae was panmictic (i.e. 
highly recombinant), with random association found between loci. An intermediate 
type of population structure was also found in the case of Neisseria meningitidis, 
which displayed what they called an "epidemic" structure. There was  significant 
association between loci, but this apparently had arisen because of recent explosive 
increases in particular electrophoretic types -  but otherwise  the  population  was 
effectively panmictic. 
 
From studies using MLEE on Brachyspira species, it has been suggested that B. 
hyodysenteriae  is essentially recombinant with an epidemic population structure 
(Trott  et al., 1997b), whilst B. pilosicoli is recombinant (Trott et al., 1998). 
Subsequent studies using multilocus sequence typing (MLST) however have 
suggested that B. hyodysenteriae  and  B. intermedia  are clonal (La et al., 2009; 
Phillips et al., 2009). To date no similar MLST studies have been done to investigate 
the population genetics of B. pilosicoli.  The methods used in MLEE and MLST are 
described later in this review. 
 
Little is known about the mechanisms underpinning genetic variation within B. 
pilosicoli, however, recent studies have identified the presence of genes encoding Chapter 1: Literature Review 
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VSH-1, a bacteriophage-like gene transfer agent (GTA) originally found in B. 
hyodysenteriae (Humphrey et al., 1997; Zuerner et al., 2004; Motro et al., 2009; 
Wanchanthuek et al., 2011). Although it is not known if the GTA is functional in B. 
pilosicoli,  if it is it could be responsible for gene transfer and associated 
recombination – and hence play a part in generating genetic variation within the 
species. B. pilosicoli strain 95/1000 has also been shown to contain an integrated 
prophage (Wanchanthuek et al., 2010), and two other prophages were subsequently 
found in B. intermedia PWS/A
T (Håfström et al., 2011). The second of these phages, 
pI2, was divided into three regions, where the first and third regions were unique for 
B. intermedia, whilst the second region was similar to both the VSH-1 phage-like 
element of the Brachyspira species and to a shared phage found in B. pilosicoli and 
B. murdochii. Hence the bacteriophage seems to be a hybrid that has acquired new 
properties from other phages or VSH-1 phage-like elements. Hence a potential 
model for horizontal gene transfer appears to be gene translocations leading to 
remodeling of bacteriophages, in combination with broad trophism. These events 
clearly may have influenced the population structure of B. pilosicoli  and other 
Brachyspira species. 
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1.3  METHODS USED FOR STRAIN TYPING AND ASSESSING 
POPULATION STRUCTURES OF BRACHYSPIRA SPECIES 
 
1.3.1   Introduction 
 
This thesis is concerned with developing methods to study strain diversity and the 
population structure of B. pilosicoli. Accordingly, this section sets out some of the 
more recent molecular methodology that has been used for this purpose in bacteria, 
and particularly in Brachyspira species. 
 
Multilocus sequence typing (MLST) is one of the main methodologies developed 
and used in the current thesis, and previously has been widely applied for studying 
bacterial populations. Before the development of this technique, high levels of 
discrimination between bacterial strains were (and still are) attained through two 
different approaches. One uses restriction enzymes targeting regions of DNA that are 
highly variable between strains within the bacterial population, indexing the 
variation. Some examples of approaches using this method are restriction fragment 
length analysis and pulsed-field gel electrophoresis (PFGE).  
 
The second approach analyses smaller variations that have accumulated over time, 
concentrating on conserved regions of the genome that are non-biased  in the 
selection process. For this approach, only a small number of alleles typically are 
identified, however high levels of discrimination can be achieved through the 
analysis of multiple loci. An early example of this approach is the use of multilocus 
enzyme electrophoresis (MLEE), analyzing the electrophoretic motility of enzymes Chapter 1: Literature Review 
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associated with “housekeeping” functions, and equating differences in migration to 
allelic differences. Due to its time consuming nature MLEE now has largely been 
superseded by MLST. Another important example of this approach is analysis of the 
sequence of the genes encoding 16S rRNA. This method has been widely used for 
analyzing the relationship of bacterial species within a genus, and studying the 
evolutionary history of different genera, but it is not discriminatory enough for use at 
the sub-species level (Pettersson et al., 1996). 
 
Approaches that utilize rapidly evolving variation are useful for interim (local) 
epidemiological studies, but are less useful for global epidemiology or studying 
population structures. The second approach, which includes MLST, is best used for 
continuing epidemiology, and for identifying clones or clonal clusters.  
 
Some examples of techniques that have been used for strain typing and/or examining 
relationships between species/strains in the genus Brachyspira are briefly described 
below. 
 
1.3.2  DNA restriction enzyme analysis (REA) 
 
Restriction enzymes cleave DNA at specific sites defined by their purine and 
pyrimidine base sequences. Most of these enzymes have a four base recognition site, 
and consequently cleave DNA into numerous specific fragments. By separating these 
fragments electrophoretically a characteristic “fingerprint” can be obtained. The 
fingerprint for a given bacterial isolate will depend on the enzyme chosen to restrict 
the bacterial DNA. REA patterns are complex, and are best used to distinguish minor Chapter 1: Literature Review 
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differences between related strains in local epidemiological investigations. The 
method has been used quite widely to compare isolates of B. hyodysenteriae (Combs 
et al., 1992; Harel et al., 1994), but has tended to be replaced by pulsed field gel 
elecrophoresis where enzymes that cut less frequently are used – and the consequent 
DNA patterns are easier to quantify.  
 
1.3.3  Restriction Fragment Length Polymorphism (RFLP) Analysis 
 
RFLP analysis is a strain typing method that, like REA analysis, utilizes the 
differences in length of the genomic DNA between different restriction enzyme sites. 
The process involves the addition of restriction enzymes to genomic DNA and 
separation of the fragments by electrophoresis. The Southern blotting technique is 
then applied to transfer the DNA to a membrane. Labeled DNA probes are 
hybridized with the membrane for the detection of the length of the fragments 
(Fangman, 1978; Schwartz et al., 1983). 
 
The advantages of RFLP analysis are that it is highly robust and can be replicated 
fairly easily. No prior knowledge of the sequence is required, only suitable probes 
for the restriction sites are required. It has a high discriminatory power that can be 
applied at a species or population level, using single-locus probes, or at individual 
levels, using multi-locus probes. 
 
Large quantities of DNA are required for RFLP analysis, which limits its use. It is a 
time consuming and tedious process as many steps are associated with the method. 
Also, the discriminatory power of the method is dependent on the probes chosen Chapter 1: Literature Review 
23 
 
(Wyman and White, 1980). RFLP analysis had been used to differentiate species and 
strains of Brachyspira, for example using the 23S rRNA or the nox gene as probes 
(Barcellos et al., 2000; Rohde et al., 2002). 
 
A variant form of RFLP which utilizes the 16S rRNA genes for typing is ribotyping. 
It is the analysis of the restriction enzyme digestion patterns of the ribosomal RNA 
(rRNA) genes for purpose of classification. It was first developed and proposed as a 
taxonomical tool for the identification and differentiation of bacteria in 1986 
(Grimont, 1986). It generates a highly reproducible and precise fingerprint that can 
be used to classify bacteria from the genus through and beyond the species level. The 
restricted DNA is transferred to a membrane and probed with a region of the rRNA 
operon to reveal the pattern of rRNA genes. The pattern is recorded and stored in a 
database. Variations that exist among bacteria in both the position and intensity of 
rRNA bands are used for the classification and identification.  
 
The advantages of ribotyping are that it can be developed as a fully automated 
procedure; hence it involves less labour, and is standardized. A universal probe can 
be used, as ribosomal genes are quite similar between species. The disadvantage of 
ribotyping is  that it is expensive because of the equipment used; therefore it is 
usually only performed in reference laboratories. It also has a lower discriminatory 
power than PGFE and RAPD typing (Bouchet, 2008). 
 
Ribotyping had been used to differentiate strains of B. hyodysenteriae, mainly in 
comparing different serotypes (Harel et al., 1994; Jensen et al., 1996). 
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1.3.4  Randomly amplified polymorphic DNA assay (RAPD) 
 
The randomly amplified polymorphic DNA assay (RAPD), also known as arbitrarily 
primed PCR (AP-PCR), uses a single short primer (approximately 10bp) that is 
randomly selected to amplify any complementary bacterial DNA sequence (Williams 
et al., 1990). The primer anneals at multiple random chromosomal locations, 
initiating DNA synthesis. Amplification is carried out at low annealing temperatures, 
which allows for mismatches and thus permits arbitrary primer sequences to bind 
nonspecifically as well as specifically to the DNA template. Identification of a 
suitable primer, that provides consistent results, is difficult and must be done 
empirically (Tyler et al., 1997). The discriminatory power of the method is greatly 
dependent on the primers used (Kerr, 1994).  
 
Due to its arbitrary nature, RAPD-PCR is prone to technical variation that may cause 
problems in reproducibility (Tyler et al., 1997). Amplification protocols are affected 
by a number of factors that include the DNA extraction method,  ratio of DNA 
template concentration to primer concentration, primer synthesis variation, Mg
2+ 
concentration, PCR conditions, and the concentration of Taq DNA polymerase used. 
Most of these problems can be overcome by optimizing the reaction conditions for 
each organism analyzed (Penner et al., 1993; Berg et al., 1994). 
 
Sequence analysis of the 16S rRNA and the nox genes, together with pulsed-field gel 
electrophoresis (PFGE) and randomly amplified polymorphic DNA (RAPD) have 
been used for the identification of Brachyspira species (Fellström et al., 2008). 
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1.3.5   Pulsed-Field Gel Electrophoresis (PFGE) 
 
PFGE was first described in 1984 as a tool for examining the chromosomal DNA of 
eukaryotic organisms (Schwartz and Cantor, 1984). Subsequently, PFGE has proven 
to be a highly effective molecular typing technique for many different bacterial 
species (Tenover et al., 1997). In this method, the bacterial genome is digested with 
a restriction enzyme that has relatively few recognition sites and thus generates 
approximately 10-30 restriction fragments ranging from 10 to 800 kb (Maslow et al., 
1993). 
 
Due to the large size of DNA fragments generated by infrequently cutting restriction 
enzymes, a special methodology to prepare DNA is applied (Finney, 1988): the 
intact microorganisms are embedded in agarose plugs, where the cells are lysed with 
suitable reagents. Contaminating cellular material and chemicals used to accomplish 
the lysis are removed with extensive washing. The isolated DNA is then digested in 
situ. The selection of restriction enzyme is usually based on GC %-content of the 
bacterial species being analyzed (Logonne, 1993). DNA fragments larger than 25 kb 
are not separated or are separated poorly by conventional gel electrophoresis. 
Therefore, PFGE applies a modification which involves periodically changing the 
orientation of the electric field across the gel (Finney, 1988). This is usually done 
either by simply alternating the electric field between the forward and reverse 
direction (field inversion gel electrophoresis, FIGE), or by generating uniform 
electric fields at 120
o to each other using hexagonal electrodes (contour-clamped 
homogenous electric field, CHEF) (Logonne, 1993; Herschleb et al., 2007). Chapter 1: Literature Review 
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In general, PFGE is one of the most reproducible and highly discriminatory typing 
techniques available and was the typing method of choice for many species before 
more rapid and advanced molecular methods were developed (Tenover et al., 1997). 
The interpretation of PFGE gels is relatively straightforward, and consensus 
guidelines for correlating variations in macrorestriction patterns (MRPs) with 
epidemiological relatedness have been published (Tenover et al., 1995).  
 
The main disadvantages of PFGE are that it is a time consuming procedure that can 
be quite technically demanding (Tenover et al., 1997). Typically, it takes up to six 
days to run PFGE, although a rapid DNA preparation procedure has been developed 
to reduce the time needed to three days (Matushek et al., 1996). For some bacteria, a 
rapid PFGE has been developed to allow results within 24 hours (Gautom, 1997; 
Ribot et al., 2001; Alaidan et al., 2009). Other problems that may arise include 
inadequate cell lysis resulting in an incomplete restriction digestion of the DNA 
(Farber, 1996), and the production of endogenous DNases by organisms such as 
Campylobacter jejuni (Gibson et al., 1994) and Clostridium difficile (Kato et al., 
1994), resulting in the degradation of the DNA before PFGE. 
 
PFGE has been used extensively in previous studies for members of the genus 
Brachyspira, especially with B. hyodysenteriae, B. pilosicoli and B. intermedia (Lee 
et al., 1993; McLaren et al., 1997; Trott et al., 1998; Fellström et al., 2001; Jansson 
et al., 2004; Šperling et al., 2011). In particular it has been shown to be useful for 
strain typing of B. pilosicoli isolates in molecular epidemiologica studies at the farm 
level (Atyeo et al., 1996; Phillips et al., 2006). Chapter 1: Literature Review 
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1.3.6  Multilocus Enzyme Electrophoresis (MLEE) 
 
Multilocus Enzyme Electrophoresis (MLEE) was first described in 1966 as an 
approach to the study of genetic variation in eukaryotic systems. The concept 
underlying MLEE is that differences in the electrophoretic mobility of constitutive 
enzymes (resulting from amino acid substitutions) reflects the chromosomal 
genotype of strains and thereby allows calculation of a genetic-relatedness index. Up 
until 1984, only one bacterial species, Escherichia coli, had been studied by MLEE. 
Since then, MLEE has been used to characterize genetic variation among 
populations of Legionella  spp.,  Bordetella  spp.,  Haemophilus influenzae, 
Streptococcus spp., Listeria monocytogenes, Neisseria meningitidis, and many other 
bacteria (Selander et al, 1986). 
 
In MLEE, cellular enzymes are extracted from bacterial cells through sonication and 
centrifugation. The enzymes are then electrophoresed in a cellular acetate or 
horizontal starch gel and stained with a dye that will link the enzyme substrate. The 
gels are incubated for visualization of the bands. The positions of the bands are 
compared between isolates and each distinct position is considered to represent a 
different allele. Typically a large number of enzymes are compared (eg 12+), and 
isolates with the same alleles at each of the loci are said to have the same 
electrophoretic type (ET).  
 
The advantages of this method are that it has a good discrimination power and 
reproducibility, and can be interpreted easily. The downside is that it has limited Chapter 1: Literature Review 
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usefulness in epidemiological analysis of clinical isolates, and it requires techniques 
and equipment that are not available in most laboratories (Nei, 1977). 
 
MLEE has been used extensively in the genetic analysis of various Brachyspira 
species, and has been a very important technique for identifying new species in the 
genus, including the species now known as B. pilosicoli (Lee et al., 1993). It has also 
been used for typing isolates of B. hyodysenteriae (Lee et al., 1993; Trott et al., 
1998), B. intermedia (Lee et al., 1993; McLaren et al., 1997; Stephens et al., 2005), 
B. aalborgi  (Lee and Hampson, 1994), B. murdochii  (Stephens  et al., 2005; 
Hampson and La, 2006) and B. pilosicoli (Lee et al., 1993; McLaren et al., 1997; 
Trott et al., 1997a; Trott et al., 1998; Oxberry and Hampson, 2003; Stephens et al., 
2005; Hampson et al., 2006). 
 
1.3.7  Multiple-Locus Variable number tandem repeat Analysis (MLVA) 
 
Another recently developed and important epidemiological tool used for strain 
typing of pathogenic microorganisms is Multiple-Locus Variable number tandem 
repeat Analysis (MLVA). MLVA uses the non-coding regions of the DNA that 
consists of direct repeats of the same sequence of bases, referred to as tandem 
repeats. The number of repeats in the sequence is determined genetically and can 
vary between different strains. These regions are known as Variable Number 
Tandem repeats (VNTR) loci, and can be detected in a genome sequence using 
tandem repeat recognition software like Tandem Repeat Finder (Benson, 1999). 
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PCR amplification is performed using primers specific for the flanking regions of the 
VNTR loci, and the size of the amplicons is determined through their electrophoretic 
migration. The size determines the number of amplified VNTR copies after dividing 
it by the length of the repeat unit. The final result corresponds numerically to the 
number of repeats in each VNTR locus, and an allele number can be assigned. The 
results are easily interpreted and the profile can be shared between laboratories 
without much discrepancy (Mazars  et al.,  2001; Lindstedt, 2005; Hidalgo et al., 
2010). 
 
VNTR sequences have been used as valuable markers for the genotype of several 
bacterial species, particularly for genetically homogenous pathogens like Bacillus 
anthracis, Yersinia pestis and Mycobacterium species (Keim et al., 1999; Le Fleche 
et al., 2001; Klevytska et al., 2001;  Frothingham and Meeker-O'Connell, 1998; 
Coulibaly-N’Golo et al., 2011).  
 
Recently, a MLVA scheme has been developed for B. hyodysenteriae (Hidalgo et 
al., 2010), but no such scheme has been described for B. pilosicoli. 
 
1.3.8  Multilocus Sequence Typing (MLST) 
 
MLST is based on the same principles as MLEE, differing in that it assigns alleles at 
multiple house-keeping loci directly through DNA sequencing, rather than indirectly 
via the electrophoretic mobility of their gene products. An overview is provided in 
Figure 1.4. 
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Figure 1.4 MLST flowchart. (Urwin and Maiden; 2003) 
 
MLST was first developed using Neisseria  meningitidis. It  can be used to 
characterize bacterial isolates within species using sequences of the internal 
fragments of a few housekeeping genes which are approximately 450-500bp in 
length. For each housekeeping gene, different sequences present within a bacterial 
species are assigned as distinct alleles and the alleles at each of the seven loci define 
the allelic profile or sequence type (ST) (Maiden et al., 1998). 
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Each isolate is then characterized by a series of seven integers that correspond to the 
alleles of the seven housekeeping loci. The number of nucleotide differences 
between alleles is ignored and the sequences are given different allele numbers 
regardless of whether they differ at a single nucleotide site or at multiple sites. The 
rationale is that a single genetic event resulting in a new allele can occur by a point 
mutation or replacement through recombination of the genes. Weighting according 
to the number of nucleotide differences between alleles would incorrectly imply that 
an allele with a greater number of nucleotide differences was more different than the 
original allele than one with fewer differences. For most bacterial species, there are 
sufficient variations within the housekeeping genes to provide many alleles per 
locus, allowing distinct allelic profiles to be distinguished through the seven house-
keeping loci. Additional loci can be used  in an MLST scheme if greater strain 
discrimination is required. 
 
The greatest advantage of using MLST is that the sequenced data are unambiguous 
and the allelic profiles of isolates can easily be compared to those in a large central 
database via the Internet (in contrast to most typing procedures which involve 
comparing the sizes of the DNA fragments on gels). Allelic profiles also can be 
obtained directly from sterile clinical materials using PCR amplification of the 
housekeeping genes. Thus isolates can be precisely characterized even when they 
cannot be cultured from clinical material. 
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1.3.8.1 Use of MLST for analyzing Brachyspira species 
 
MLST was first used on isolates from different members of the Brachyspira genus to 
help understand the relationship between the different species (Råsbäck et al., 2007). 
Before MLST, analysis of the sequence of 16S rDNA was used as the standard for 
the classification for all bacterial populations, but it was not satisfactory for 
differentiating the species in the Brachyspira genus due to their close similarities in 
sequence. As previously stated, MLEE previously had proved to be a powerful 
technique for identifying new species of Brachyspira, but it was a tedious and time 
consuming technique that required specialized equipment. It also was not 
discriminating enough for detailed molecular epidemiology. More discrimination 
was obtained in studies of Brachyspira species using PFGE and RAPD analysis, 
however, the interpretation and replication of the results could be a challenge. Hence 
MLST was developed as a more reliable and robust method for analyzing species in 
the genus.  
 
Subsequently more detailed MLST studies have been conducted with strains of B. 
hyodysenteriae and B. intermedia, to analyse their population structure, diversity and 
epidemiology.  Standardized  Index of association (I
S
A) values were calculated to 
determine the level of genetic recombination within these species (Råsbäck et al., 
2007; La et al., 2009; Philips et al., 2010). 
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1.3.8.2 Use of MLST for Brachyspira pilosicoli 
 
At the start of the study described in this thesis PCR-RFLP, PFGE and MLEE were 
the methods of choice for strain typing of B. pilosicoli (Atyeo et al., 1996; Trott et 
al., 1997a; Barcellos et al., 2000; Stephen et al., 2005; Townsend et al., 2005; 
Råsbäck et al., 2007; Fellström, 2008). Large scale MLST analysis had not been 
performed for studying the population structure and diversity of B. pilosicoli, 
although a few isolates of B. pilosicoli were included in the genus-wide study of 
Råsbäck et al. (2007).  
 
1.4   BETA-LACTAMASES 
 
The MLST and MLVA techniques developed and used in the work described in this 
thesis focused on analysing variations in housekeeping genes and the number of 
tandem repeats in the species, respectively, both of which are relatively stable in the 
evolutionary process of the species. Another factor to consider is what sort of impact 
external factors would have on other potentially less stable genes of a B. pilosicoli. 
Examples of such genes are those associated with resistance to antibiotics. 
 
Beta-lactamases are a group of enzymes produced by some bacteria that can confer 
resistance to beta-lactam antibiotics. Beta-lactam antibiotics contain a heteroatomic 
ring consisting of 3 carbon atoms and one nitrogen atom, known as a beta-lactam 
ring (Figure 1.5). 
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Figure 1.5 Molecular structure of ampicillin. The beta-lactam structure is boxed in 
red. 
 
The first beta-lactamase that was discovered was a penicillinase that was isolated 
from E. coli (Abraham and Chain, 1940), and since that time many different types 
have been described (Table 1.1). The lactamases are grouped into different 
functional classes. The first group consists of cephalosporinases which are not 
inhibited by clavulanic acid.  
 
The second group consists of penicillinases, cephalosporinases or both that are 
inhibited by clavulanic acid.  This group is further segregated into different sub-
groups due to their different properties. The third group is a zinc based or metallo-
lactamase and is able to hydrolyse penicillins, cephalosporins, and carbapenems. The 
fourth group consists of penicillinases that are not inhibited by clavulanic acid.  
 
TEM-type beta lactamase (named after the patient from whom it was isolated, 
Temoniera) is the most commonly-encountered beta-lactamase in Gram-negative 
bacteria. It is responsible for the ampicillin and penicillin resistance seen in E. coli, Chapter 1: Literature Review 
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H. influenzae and N. gonorrhoeae. Although TEM-type beta-lactamases are often 
found in E. coli and Klebsiella pneumoniae, they are also found in other Gram-
negative bacteria with increasing frequencies. TEM-types are typically plasmid-
encoded and confer resistance to penicillins but not to expanded-spectrum 
cephalosporins.  
 
Table 1.1 Different classes of beta-lactamases according to their functional group (F. 
grp), subgroup, molecular class, main substrates and characteristics 
 
F 
grp 
Sub-
group 
Mol. 
Class  Main Substrate 
Characteristics of the members 
1  1  C 
All groups of beta-lactam 
antibiotics except 
carbapenems 
Chromosome-encoded AmpC beta-
lactamases and some plasmid-
encoded AmpC beta-lactamases, not 
inhibited by clavulanic acid 
2 
2a  A  Penicillins  Penicillinases of Gram-positive 
bacteria, inhibited by clavulanic acid 
2b  A  Penicillins, cephalosporins  Broad spectrum beta-lactamases, 
inhibited by clavulanic acid 
2be  A  Penicillins, cephalosporins, 
monobactams 
ESBL, inhibited by clavulanic acid 
2br  A  Penicillins  Inhibitor-resistant beta-lactamases of 
TEM and SHV types 
2c  A  Penicillins, carbenicillin  Carbenicillin-hydrolyzing PSE type 
beta-lactamases 
2e  A  Cephalosporins 
Inducible cephalosporins from 
Proteus spp., inhibited by clavulanic 
acid 
2f  A  Penicillins, cephalosporins, 
carbapenems 
Serine carbapenemases, inhibited by 
clavulanic acid 
2d  D  Penicillins, oxacillin 
OXA type beta-lactamases 
hydrolyzing oxacillin, inhibited by 
clavulanic acid 
3  3a, 3b, 
3c  B  Most beta-lactams, 
including carbapenems 
Metallo-beta-lactamases, inhibited 
by EDTA but not by clavulanic acid 
4  Not 
defined    Penicillins   Penicillinases not belonging to any 
groups 
 
An extended-spectrum beta-lactamases (ESBL) phenotype is created by amino acid 
substitutions that cluster around the active site of the enzyme and change its 
configuration, allowing access to oxyimino-beta-lactam substrates. Opening the Chapter 1: Literature Review 
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active site to beta-lactam substrates also typically enhances the susceptibility of the 
enzyme to beta-lactamase inhibitors, such as clavulanic acid (Knothe et al., 1983; 
Katsanis et al., 1994; Bradford, 2001). 
 
The SHV-1 (sulfhydryl reagents had a variable effect on substrate specificity) beta-
lactamase shares 68 percent of its amino acids with TEM-1 and has a similar overall 
structure. SHV-1 is most commonly found in K. pneumoniae and is responsible for 
up to 20% of the plasmid-mediated ampicillin resistance in this species. With more 
than 60 SHV varieties known, they are the most prevalent ESBL type in Europe and 
the United States (Katsanis et al., 1994; Paterson et al., 2003). 
  
OXA beta-lactamases are a less common beta-lactamase variety that can hydrolyze 
oxacillin and related anti-staphylococcal penicillins. This class of beta-lactamase 
differs from the TEM- and SHV- types in that they belong to different molecular and 
functional classes. The OXA-type beta-lactamases confer resistance to ampicillin 
and cephalothin and are characterized by their high hydrolytic activity against 
oxacillin and cloxacillin and they are poorly inhibited by clavulanic acid (Bush et al., 
1995). 
 
Some isolates of B. pilosicoli have been shown to be resistant to penicillin (Brooke 
et al., 2003), and a gene encoding an OXA beta-lactamase was subsequently 
identified in B. pilosicoli strain BM 4442 (Meziane-Cherif et al., 2008). Since then 
variants of the gene have been detected from several other B. pilosicoli  strains 
(Mortimer-Jones et al., 2008; Jansson and Pringle, 2011). These variants include 
blaOXA-63,  blaOXA-136,  blaOXA-137  and  blaOXA-197. Little is known about the origin or Chapter 1: Literature Review 
37 
 
distribution of this gene and its variants amongst strains of B. pilosicoli. It may have 
been acquired by horizontal gene transfer (HGT), and the presence of such a 
mechanism is likely to help shape the population structure of B. pilosicoli. Hence the 
presence, distribution and variation of the sequence of this gene were also studies in 
the current thesis to provide a broader perspective of potentially acquired genes that 
may have important selective pressures placed on them. Emphasis was not placed on 
the functionality of these genes in terms of conferring resistance to penicillines. 
 
1.5   AIMS AND OBJECTIVES OF THIS STUDY 
 
The work described in this thesis aimed to analyse and improve understanding of the 
genetic diversity and population structure of Brachyspira pilosicoli, including how 
this was shaped.  
 
To achieve this overarching aim the following objectives were developed: 
 
1.  To assemble a large collection of isolates of B. pilosicoli from different host 
species and locations. 
 
2.  To develop new molecular methods for analyzing B. pilosicoli  populations 
(MLST and MLVA) and to apply them to the collection. 
 
3.  To examine the occurrence of the beta-lactamase gene, blaOXA-63 in B. pilosicoli 
strains from different origins, and assess variations in the sequence of the gene in 
an attempt to deduce its molecular evolution. Chapter 2: MLST of B. pilosicoli 
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CHAPTER 2: MULTILOCUS SEQUENCE TYPING (MLST) OF 
BRACHYSPIRA PILOSICOLI 
 
2.1  Introduction 
 
Multilocus sequence typing (MLST) is a technique that has been developed as a 
means to study the relationships and phylogeny of many bacterial species, including 
those within the genus Brachyspira (Råsbäck et al., 2007). This method also has 
been adapted to examine relationships within Brachyspira species, as in the case of 
B. hyodysenteriae (La et al., 2009), and in B. intermedia and other indole positive 
Brachyspira species (Phillips et al., 2010). In the original Brachyspira genus-wide 
study of Råsbäck et al. (2007), a few strains of B. pilosicoli were included in the 
analysis, but to date there have been no reported studies using MLST to analyse the 
population structure of B. pilosicoli using a large and diverse collection of strains. 
The current study set out to address this deficiency in the literature. 
 
2.2  Materials and Methods  
 
Details of the manufacturers of the biochemicals and reagents used in this study as 
well as recipes for solutions not described in the text are listed in Appendix B. 
 
2.2.1 Brachyspira pilosicoli strains  
 
A total of 119 strains of B. pilosicoli were obtained as frozen stock from the culture 
collection at the Reference Centre for Intestinal Spirochaetes at Murdoch University. Chapter 2: MLST of B. pilosicoli 
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In order to study a diverse range of isolates for a broad comparison, isolates were 
selected that originated from different States of Australia (n=66), Papua New Guinea 
(n=29), the United States of America (n=8), Canada (n=5), Italy (n=5), the United 
Kingdom (n=3), France (n=2) and New Zealand (n=1). Sequence data for 12 
Scandinavian and European strains (AN4170/01, AN991/02, AN76/92, AN497/93, 
C62, AN984/03, AN1085/02, AN652/02, AN2248/02, AN738/02, AN953/02 and 
C162) that were previously used in the Brachyspira MLST study of Råsbäck et al. 
(2007) were obtained from the PubMLST website (http://pubmlst.org/)  and were 
included in this study. The isolates are listed in Table A1, in appendix A. 
 
The full collection, representing 131 isolates, came from a range of species, and 
consisted of 58 isolates from pigs, 44 from human beings, 24 from chickens, five 
from dogs and two from horses. The names and origins of the isolates are listed in 
Table A.1 in the appendix of this thesis. The species identity of the isolates 
previously had been confirmed using a species-specific PCR reaction incorporating 
16S rDNA primers (Oxberry and Hampson, 2003).  All isolates were used in the 
MLST analysis, as well as in the VNTR analysis described in Chapter 3. Sixteen of 
these isolates also were used in the study of the distribution of the beta-lactamase 
gene described in Chapter 4 (their identity is shown in Table 4.2). 
 
2.2.2 Spirochaete culture 
 
Spirochaete strains were propagated at 37°C for 5 days in Kunkle’s pre-reduced 
anaerobic broth containing 2% foetal bovine serum and a 1% ethanolic cholesterol 
solution (Kunkle et al., 1986). Methods for preparing the broth are presented in Chapter 2: MLST of B. pilosicoli 
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appendix B. Cells were harvested from culture by centrifuging at 10,000g, and 
counted in a haemocytometer chamber under a phase contrast microscope at  40 
times magnification. 
 
 
2.2.3  DNA extraction 
 
For each strain, 10ml of Trypticase Soy broth containing ~10
8  cells/ml of B. 
pilosicoli was centrifuged at 10000g. The supernatant was discarded and the pellet 
resuspended in an equal volume of phosphate buffered saline (PBS: 37 mM NaCl, 
2.7 mM KCl, 4.3 mM Na2HPO4, 1.47 mM KH2PO4, pH 7.4) and heat killed at 95°C 
for 15 min to release the DNA, before being stored frozen at -20°C. The solution 
containing the extracted DNA was used as the template for the PCR reactions. 
 
2.2.4  Multilocus sequence typing primers                                                           
 
The seven loci used for this study were the same as those previously described for 
use with members of the genus Brachyspira (Råsbäck et al., 2007). These were the 
genes encoding for the enzymes alcohol dehydrogenase (adh), alkaline phosphatase 
(alp), esterase (est), glutamate dehydrogenase (gdh), glycerol kinase (glpK), 
phosphoglucomutase (pgm), and acetyl-CoA acetyltransferase (thi). The sequences 
for the primers used for the PCR amplification of these genes are listed in Table 2.1. 
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Table 2.1 Primers used for amplifying the seven loci used in MLST 
 
2.2.5  Polymerase Chain Reaction (PCR) 
 
PCR was performed on DNA from all the B. pilosicoli strains and isolates, using 0.2
μl Taq DNA polymerase, 5μl of 10x PCR buffers, 3μl of 25mM MgCl2, 5μl of 8mM 
dNTP, 5μl of the forward and reverse primers, 12μl of cresol red solution and 2μl of 
template, with the reaction mix topped up with PCR-grade water to a final 50μl 
volume. Each PCR reaction set included DNA from B. pilosicoli strain 95/1000 as a 
positive control and distilled water as a negative control. The PCR conditions were 
95°C for 2 min, followed by 33 cycles at 95°C for 30 s, 50°C for 15 s, 72°C for 1 
min for every 1kbp of product, and a final extension period of 5 min at 72°C before 
holding at 14°C. The location of the targeted regions on the chromosome of B. 
pilosicoli are shown in Figure 2.1 
Gene  Primer 
 
PCR and Sequencing Primers (5’ → 3’) 
Adh  BP-ADH-F206  GAAGTTTAGTAAAAGACTTTAAACC 
BP-ADH-R757  CTGCTTCAGCAAAAGTTTCAAC  
Est  BP-EST-F229  GATGCTTCAGGCGGAGTTATG 
BP-EST-R847  CCACACTCATAGCATAAATACTG 
Gdh  BP-GDH-F514  GGAGTTGGTGCTAGAGAGAT 
BP-GDH-R1157  ATCTCTAAAGCAGAAGTAGCA     
Pgm  BP-PGM-F172  GTTGGTACTAACAGAATGAATA 
BP-PGM-R1220  CCGTCTTTATCGCGTACATT   
   
Alp  BP-ALP-F354  TCCAGATGAGGCTATACTTC 
BP-ALP-R1262  TATGCTCTTTTTGCTAATATTG 
glpK 
 
 
BP-GLPK-F123 
 
AGGCTGGGTAGAACATAATGC 
 
BP-GLPK-R1158 
 
TCTTTACTTTGATAAGCAATAGC 
Thi  BP-THIO-F163 
 
TGTGTTATACAATCAGCACTTC 
BP-THIO-R1079  GTAGTAAGTATTCTAGCTCCAG Chapter 2: MLST of B. pilosicoli 
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Figure 2.1 Genome map of B. pilosicoli 95/1000. The location of the seven genes 
targeted for amplification and sequencing in MLST, as well as the five VNTR loci 
used in MLVA (Chapter 3)  are labelled on the diagram. (Adapted from 
Wanchanthuek et al., 2010) 
 
2.2.6  Electrophoresis 
 
The PCR products were subjected to electrophoresis in a 1% agarose gel in a Bio-
Rad Sub-Cell® GT Agarose Gel electrophoresis unit filled with 1X TBE solution, at 
120V for 30 min. A 1Kbp ladder marker was added to the first and last well of each 
row to allow estimates of the molecular masses of the samples. The gel was stained 
by immersion in an ethidium bromide (EtBr) solution at a concentration of 0.5µg/ml Chapter 2: MLST of B. pilosicoli 
43 
 
for 30 mins, and the DNA was visualised over a UV illuminator (Biorad Chem Doc 
XRS Universal Hood).  
 
2.2.7  Purification of PCR products 
 
The PCR products were purified with the  Wizard
®  SV Gel and PCR Clean-Up 
System Kit in accordance with the manufacturer’s instructions. An equal amount of 
membrane binding solution was added to the PCR product before the mixture was 
added to a spin column. The column was then centrifuged in a microfuge (Hermle) at 
16,000rpm for 1 min, and the supernatant was discarded. Wash buffer containing 
ethanol was added to the spin column and centrifuged at 16,000rpm for 1 min. The 
supernatant was discarded and the step was repeated with an extended centrifuge 
time of 5 min. 50 μl of DNAse-free water was added to the spin column for the 
extraction of the purified product and this was held at -4°C for further use. The 
products were stored, and discarded after three months if not used. 
 
2.2.8  Sequencing of PCR products 
 
PCR was performed on the purified products using the BigDye Terminator v3.1 
Cycle Sequencing Kit (Applied Biosystems, Foster City, USA) in a 96 well plate, 
according to the manufacturer’s instructions, using 10µl of a single primer instead of 
5µl of both forward and reverse primer in each reaction. The amplified products 
were subsequently purified using the ethanol precipitation method described below. 
 Chapter 2: MLST of B. pilosicoli 
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After the PCR process, 1µl of 125mM EDTA, 1µl 3M NaOAc and 25µl 100% 
ethanol were added in the stated order to each of the wells of the amplification plate 
with the amplified product. The wells were then sealed, vortex for 15 s and 
incubated at room temperature for 15 min. The plates were centrifuged in a Beckman 
Coulter Allegra at 2500g for 30 min, after which the supernatant was discarded and 
the plates were centrifuged upside down at 185g for 1 min to remove any residual 
supernatant. A 35 µl volume of 70% ethanol was added to each well, mixed by 
pipetting and centrifuged at 1650g for 10 min. The supernatant was discarded and 
the plates were centrifuged upside down at 185g for 1min to dry. The pellet of 
amplified product was held at 4°C before being  sequenced with  the ABI 373A 
sequencing system (Applied Biosystems) by staff of the State Agricultural 
Biotechnology Centre at Murdoch University.  
 
2.2.9  Analysis 
 
The sequencing results were analysed and assembled using the Bioedit Sequence 
Alignment Editor (Hall, 1999). The sequences for each locus were aligned using the 
ClustalW program (EMBL-EBI, European Bioinformatics Institute 
[http://www.ebi.ac.uk/clustalw/]) and B. pilosicoli strain 95/1000 sequence as the 
standard for the process. An example of an alignment is shown in Figure 2.2. The 
raw sequence data and ST numbering was deposited at a new PubMLST site, listed 
under http://pubmlst.org/brachyspira/. Chapter 2: MLST of B. pilosicoli 
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Figure 2.2 An example of alignment of sequences of B. pilosicoli strains using 
Bioedit Sequence Alignment Editor 
 
Two methods were used to generate phylogenetic trees. In the first the aligned 
sequences for  each of the seven loci were analysed using the non-redundant 
databases (NRDB) program (http://pubmlst.org/analysis/) to identify strain 
sequences that were identical to each other. Each unique nucleotide sequence was 
then assigned with a different allele number. The allelic profile for each isolate was 
determined and consisted of a line listing the allele number for each locus in turn. 
Isolates were assigned a sequence type (ST) according to their allelic profiles. 
Isolates were considered genetically identical and belonging to the same ST if their 
sequences were identical at all seven loci. 
 
The allelic profile was then keyed into the dataset of the START2 program and a 
rooted phylogenetic tree (“consensus tree”) with 1000 bootstrap replicates was 
generated from the data matrix using the ‘Neighbour-Joining’ (NJ)  with the 
‘Maximum likelihood’ (ML) model (Jolley et al., 2001). The NJ method is a 
simplified version of the minimum evolution (ME) method, which utilizes distance 
measurements to correct multiple hits at the same sites, choosing a topology that 
shows the smallest value of the sum of all branches as an estimate of the correct tree. 
The full ME method was not used because the construction of ME trees is time-Chapter 2: MLST of B. pilosicoli 
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consuming - as the branch length values for all topologies have to be evaluated, and 
the number of possible topologies (unrooted trees) rapidly increases with the number 
of taxa. With the NJ method, the branch length value is not computed for all or many 
topologies. Testing of the different topologies is done in the algorithm hence only 
one final tree is produced. This method does not require the assumption of a constant 
rate of evolution, thus producing an unrooted tree (Saitou and Nei, 1987; Nei and 
Kumar, 2000). Branching points and branch lengths are obtained from the variances 
and co-variances of the pair-wise estimates that in turn reflect the diversity of the 
strains. 
 
Using the allelic profile, genetic diversity (h), which is a measure of the amount of 
allelic variation at each enzyme locus, was calculated using the following formula:  
h = (1 -∑pi
2)(n/n - l) 
where p is the frequency of the indicated allele and n is the number of STs or isolates 
(Nei, 1977). 
 
The second method of generating phylogenetic trees was by concatenating the 
nucleotide sequences for the seven genes of each of the isolates in the order adh, 
pgm, est, glp, gdh, thi and alp (the same order previously used for other Brachyspira 
species). Data from one strain of B. hyodysenteriae (WA1) and one strain of B. 
intermedia (WestB), obtained from the databank of the PubMLST website, were 
included in the analyses to show the phylogenetic distance between the strains and 
other species in the genus Brachyspira. Sequence data from the same seven loci 
from 25 STs of B. hyodysenteriae and 25 STs of B. intermedia from the study of Chapter 2: MLST of B. pilosicoli 
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Phillips et al. (2010) also were included in a final analysis for an overall comparison 
of species structure.  
 
All sequences were placed in a single FASTA formatted file and aligned with 
ClustalW, before later converting to the MEGA format 
(http://ccg.murdoch.edu.au/tools/clustalw2mega/). Using the MEGA v4.0.2 program 
(Tamura et al., 2001) an Unweighted Pair Group Method with Arithmetic Mean tree 
(UPGMA) was constructed for the aligned DNA sequences. The UPGMA method 
assumes a constant rate of evolution within the bacteria. To help visualise any effects 
of geographical location or the animal species of origin on the B. pilosicoli 
population, these were annotated onto the phylogenetic tree shown as Figure 2.4. 
 
To verify the topology of the phylogenetic trees, the Shimodaira-Hasegawa (SH) test 
was carried out using the Phylip v3.69 program (Felsenstein, 1993) to detect 
significant differences amongst the trees extrapolated for each gene. This analysis 
was carried out through the estimation of the ML tree for each of the seven genes, 
and then comparing, in turn, the difference in log likelihood (Δ - ln L) between each 
of the seven topologies on each of the seven genes. Randomisation tests were used to 
assess the extent of congruence amongst the seven ML gene trees, and the Δ - ln L 
values for each of the seven ML trees fitted to each of the seven genes were 
compared to the equivalent values computed for 200 random trees created from each 
gene.  
 
To test whether the genetic variation of different loci were independent of one 
another, 35 ML trees were constructed from concatenated sequences of sets of three Chapter 2: MLST of B. pilosicoli 
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random loci for the 127 STs. It was expected that if there were associations between 
the loci, there would be little variation between the different trees.  
 
eBURST (v3) was used to detect links between STs that had diverged recently.  A 
comparative population snapshot of all the strains was obtained by setting the group 
definition to 0/7, and assigning a zero for loci for which there was no sequence data 
(Turner et al., 2007). 
 
To help determine whether recombination had occurred within the B. pilosicoli 
population, the START2 program was used to estimate the degree of linkage 
disequilibrium in the population by calculating the Standardized  Index of 
Association (I
S
A) for the 127 STs (Smith et al., 1993). Linkage disequilibrium is the 
non-random association of alleles at two or more loci. It is used to detect the 
frequencies in a population that deviate from the values they would have if the genes 
at each locus were combined at random. When linkage disequilibrium is zero the 
population is said to be in linkage equilibrium, where the haplotype frequencies in a 
population have the same value that they would have if the genes at each locus were 
combined at random. 
 
The same analyses were performed on amino acid sequences. This was done in a 
similar manner as with the nucleotide sequences, except that they were converted 
into codons with matching amino acid sequences. They were grouped into different 
amino acid types (AATs) and analysed. The alleles also were entered into the 
START2 program and a NJ phylogenetic tree was generated. 
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To show the relationships between B. pilosicoli,  B. hyodysenteriae and  B. 
intermedia, an unrooted radiation tree was constructed including MLST data for 25 
STs of B. hyodysenteriae and 25 STs of B. intermedia obtained from the PubMLST 
website (http://pubmlst.org/). The sequences were concatenated and compiled into a 
single fasta file. The file was then edited using the MEGA v4.0.2 program (Tamura 
et al., 2001) and the radiation tree was generated.  The identities of outlying isolates 
B. pilosicoli  L72 and B. intermedia  Q97.0037.20  were confirmed using species-
specific PCR reactions (Oxberry and Hampson,  2003), and the presence of 
unambiguous sequence reads at all seven loci for these isolates was double checked. 
 
2.3   Results 
 
Between 50-112 alleles were identified at the seven loci tested, and a total of 127 
STs profiles were obtained. These data are summarized in Table 2.2, and the 
individual data are presented in Table A2 in appendix A. The ST designations (ST01 
to ST127) generated from this analysis were used in subsequent phylogenetic trees.  
The raw sequence data is being submitted to PubMLST, where it will be publically 
available. After the translation of nucleotides to amino acids, 16-72 alleles were 
identified at the various loci and 123 AATs profiles were present (summarized in 
Table 2.3, with individual data listed in Table A3 in Appendix A). The mean genetic 
diversity (h value) was 0.977, with diversity at the individual loci varying from 
0.913 to 0.989. The SH test results indicated that each locus was significantly 
different from all others (Table A.4 in appendix A) and that the ML trees generated 
for each of the seven genes were no more similar in likelihood than the 200 random 
trees for each data set. Chapter 2: MLST of B. pilosicoli 
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Table 2.2.  Summary of the allelic number,  genetic diversity, GC content, and 
variable sites of the loci tested for Brachyspira pilosicoli 
*Genetic diversity 
 
A “consensus” phylogenetic tree generated using allelic profiles showing the genetic 
relationship between the different STs is presented as Figure 2.3. There were no 
clear groupings, except for a cluster of 6 STs (ST68 – ST73) and three pairs of STs 
that showed close relationship between one another. The phylogenetic tree had 25 
STs that had three or less loci that were different between them, whereas six STs had 
loci that were completely different from the rest (ST1, ST2, ST29, ST48, ST84, 
ST123).  
 
The second phylogenetic tree that was constructed using the ML-UPGMA method 
from concatenated sequences and generated using MEGA is presented as Figure 2.4. 
The mammalian species from which the strains were isolated are indicated in the tree 
by the use of different lines, and the countries of origin of the isolates are labelled on 
the right of the figure. The tree showed that the strains of B. pilosicoli were more 
inclined to group according to geographical location as compared to the host species 
of origin. A third NJ phylogenetic tree was constructed, and is shown as Figure A1 
in appendix A. The tree showed a broadly similar distribution of the isolates to the 
UPGMA tree constructed using the concatenated sequences. 
   No. of  
alleles 
h 
value* 
Sequence 
length 
No. of 
variable 
sites 
Variable 
sites % 
% G+C 
content 
Ln 
Likelihood 
No. of 
amino 
acids 
ADH  50  0.913  347  114  32.9  41.5  -1833.41711  24 
ALP  90  0.989  648  294  45.4  34.4  -5659.75171  67 
EST  95  0.989  498  419  84.1  34.2  -8054.48965  68 
GDH  64  0.983  412  56  13.6  34.3  -1839.28238  16 
GLP  77  0.988  686  170  24.8  32.8  -3783.80503  38 
PGM  112  0.986  743  377  50.7  33.1  -5930.31493  72 
THI  90  0.992  745  630  84.6  39.2  -11915.65273  71 
Mean  h value  0.977             Chapter 2: MLST of B. pilosicoli 
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Using the START2 program, the standardized index of association value (I
S
A) was 
calculated as 0.1568 (P>0.0005), which indicated that significant disequilibrium was 
present in the population of B. pilosicoli. The values are listed in Table 2.3. 
 
Table 2.3 Table showing the index of association values of the tested B. pilosicoli 
isolates generated by the START2 program 
 
Vo – observed variance, Ve - expected variance, IA - index of association, I
S
A - 
standardized index of association. 
 
The population snapshot that was generated with the eBURST program using the 
allelic profiles of the different strains is presented as Figure 2.5, and shows the 
relationship between different strains/STs. The lines joining the different STs 
indicate that there is a linkage between them. Where there is a cluster of linkages, the 
“founding” genotype is located in the centre of the cluster (eg ST73 in the case of the 
central cluster). Only five clonal complexes were identified, with the other STs being 
widely separated without obvious links. The largest Cc contained six STs (ST68, 
ST69, ST70, ST71, ST72 and ST73 as the centre core), while the other four each 
were comprised of only two STs. All the isolates from the 6 STs complex originated 
from Australia in the 1990s, with three STs containing isolates from pigs in Victoria 
and the south west of Western Australia (WA), two from chickens in Queensland, 
and one from a human being living in northern WA.  
Index of 
Association 
Vo  Ve  IA  I
S
A 
Mean 
trial 
variance 
Max 
trial 
variance 
5% critical 
value 
0.2667  0.1366  0.9516  0.1568  0.1367  0.1459  0.1399 Chapter 2: MLST of B. pilosicoli 
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  Figure 2.3 Unconcatenated NJ tree of sequences of 131 B. pilosicoli isolates. The STs are 
labelled according to the sequence as it appears in this phylogenetic tree. Scale = 1 locus 
difference per unit. Chapter 2: MLST of B. pilosicoli 
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- Strains from Pigs 
- Strains from Humans 
- Strains from Chickens 
Isolate with names underlined 
came from other species. 
Figure 2.4 Concatenated UPGMA 
tree.  Different lines represent the 
different species from which the 
strains were isolated and the 
country of origin is labelled on the 
right. The scale is proportional to 
the number of changes per 100 
base pairs. Chapter 2: MLST of B. pilosicoli 
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Figure 2.5 Population snapshot obtained with eBURST using nucleotide sequences 
at seven gene loci, with 127 STs. Clusters of related isolates and individual unlinked 
isolates within the population are displayed as a single eBURST diagram. The five 
sets of linked isolates correspond to clonal complexes (Cc), with the predicted 
founders positioned centrally in the cluster line. 
 
Of the 35 concatenated trees constructed by using different combinations of three 
alleles, the four that displayed the greatest difference are shown in Figure 2.6. These 
trees were distinctively different from one another. The relationships of the STs were 
different with some groups but consistent with some others. The results of the 
Shimodaira-Hasegawa (SH) test are recorded in Table 2.4 and they indicate that each 
tree has the best topology to explain the genetic relationship of the loci tested.  The 
detailed data for comparison with the SH test is presented in Table A4 in appendix 
A. 
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Figure 2.6  Maximum-likelihood (ML) trees of concatenated sequences from 
combinations of three loci. All horizontal branch lengths are drawn to scale. 
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Table 2.4 Results of the Shimodaira-Hasegawa test on the concatenated trees of 
three loci 
Shimodaira-Hasegawa test for adh-alp-pgm 
Tree  Steps  Diff Steps  P Value  Significantly Worse? 
adh-alp-pgm  2165.0  <------ best 
alp-thi-est  2798.0  633.0  0.000  Yes 
glp-adh-thi  2573.0  408.0  0.000  Yes 
pgm-gdh-alp  2563.0  398.0  0.000  Yes 
 
Shimodaira-Hasegawa test for alp-thi-est 
Tree  Steps  Diff Steps  P Value  Significantly Worse? 
adh-alp-pgm  13162.0  4206.0  0.000  Yes 
alp-thi-est  8956.0  <------ best 
glp-adh-thi  12058.0  3102.0  0.000  Yes 
pgm-gdh-alp  13267.0  4311.0  0.000  Yes 
 
Shimodaira-Hasegawa test for glp-adh-thi 
Tree  Steps  Diff Steps  P Value  Significantly Worse? 
adh-alp-pgm  7188.0  1060.0  0.000  Yes 
alp-thi-est  7026.0  898.0  0.000  Yes 
glp-adh-thi  6128.0  <------ best 
pgm-gdh-alp  7735.0  1607.0  0.000  Yes 
 
Shimodaira-Hasegawa test for pgm-gdh-alp 
Tree  Steps  Diff Steps  P Value  Significantly Worse? 
adh-alp-pgm  3169.0  496.0  0.000  Yes 
alp-thi-est  3489.0  816.0  0.000  Yes 
glp-adh-thi  3378.0  705.0  0.000  Yes 
pgm-gdh-alp  2673.0  <------ best 
 
 
A concatenated radiation tree generated using the 127 STs of B. pilosicoli and 25 
STs each of B. hyodysenteriae and B. intermedia is presented as Figure 2.7, and 
clearly emphasises the distances and differences between these three species. In this 
tree, the B. hyodysenteriae  and  B. intermedia  isolates were similarly relatively 
closely grouped within their corresponding species, but were distinct from one Chapter 2: MLST of B. pilosicoli 
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another. Both species were grouped away from the STs of B. pilosicoli. The latter 
species appeared far more diverse than the other two –  although only 25 
representative STs from B. hyodysenteriae and B. intermedia were included in this 
tree.  Indeed, there appeared to be one main central cluster of B. pilosicoli strains, 
and a smaller cluster underneath this, with several other longer branches protruding 
from the clusters. The strains which formed the second cluster, identified in Table 
2.5,  came from different countries and species of origin, but with the majority 
originating from Australian pigs. 
 
Table 2.5  Isolates which formed the second cluster in the radiation tree. 
Name  Species  Location  STs  
Naomi   Human   Australia  101 
Willowgrove 7   Pig  Australia  102 
Willowgrove IA8   Pig  Australia  103 
Q97.2110.4.1   Chicken  Australia  104 
Q97.000.6.22   Chicken  Australia  105 
Wandalup 015/C138   Pig  Australia  106 
88-3769  Pig  Canada  107 
AN76/92  Pig  Sweden  108 
KeltonP5   Pig   Australia  109 
KeltonP1   Pig   Australia  110 
9803  Pig   Australia  111 
 
One strain of B. pilosicoli (L72) and one of B. intermedia (Q97.0037.20) were well 
separated from their corresponding main species groups. Species-specific PCRs 
confirmed that DNA from isolates L72 and Q97.0037.20 contained only B. pilosicoli 
and B. intermedia DNA respectively. Readings of the sequences at the seven loci 
were unambiguous, thus indicating that these samples were highly unlikely to have 
contained DNA from more than one species. Chapter 2: MLST of B. pilosicoli 
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 Figure 2.7. Unrooted radiation tree based on concatenated nucleotide sequences 
showing the relationships of the 127 STs of B. pilosicoli, and the 25 STs of B. 
hyodysenteriae  (grey lines) and the 25 STs of B. intermedia (dotted lines). The 
length of the scale bar represents one nucleotide substitution in 100 base pairs of the 
sequenced gene fragment. 
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2.4  Discussion 
 
This study set out to examine the diversity and population structure of B. pilosicoli. 
The MLST methodology that was selected for use was based on previously 
published methods, and was relatively straightforward - with high quality sequence 
being obtained at all seven loci for all the isolates. The 131 isolates were divided into 
127 STs, which immediately suggested high rates of genetic variation occurring 
within the population. As the differences in nucleotide sequence might not have a 
significant impact on the phenotype of the bacteria, differences at the translated 
amino acid level also were examined. This conversion did not affect the apparent 
diversity to any great extent, as 123 AATs were generated.  Thus, the analysis 
demonstrated that there is considerable diversity amongst strains of B. pilosicoli, 
with this conclusion again being supported by the large number of alleles identified 
at each locus. The mean genetic diversity score for the loci was 0.977, with adh 
being the least polymorphic locus (h = 0.913) and thi being the most polymorphic (h 
= 0.992) - but with all loci being highly polymorphic. Similar conclusions about the 
extensive diversity of the species have been drawn from earlier studies that utilised 
multilocus enzyme electrophoresis (MLEE) to analyse large numbers of strains of B. 
pilosicoli (Trott et al., 1998). Interestingly, the diversity values calculated for B. 
pilosicoli in the current study were comparable to those for B. hyodysenteriae (mean 
of 0.974) determined in an earlier MLST study (La et al., 2009). 
 
The results of the SH test indicated that for each gene there was a significant 
difference in the Δ - ln L values of each tree. If each gene tree had had the same 
phylogeny (i.e., phylogenetic congruence), as expected under entirely clonal Chapter 2: MLST of B. pilosicoli 
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evolution, then they should not have differed significantly in likelihood. Had the Δ - 
ln L values for the ML trees fallen within the range obtained from the random trees, 
then there would have been no more congruence among the trees than expected by 
chance alone (Goldman et al., 2000). Furthermore, for each of the seven genes the 
ML trees were no more similar in likelihood than the 200 random trees for each data 
set,  indicating that there has been substantial recombination in the evolutionary 
history of B. pilosicoli. Hence the results of the SH test indicate that each gene is 
independent of each other. Again, this is consistent with the data from the MLEE 
study of Trott et al. (1998), which was used to imply that B. pilosicoli  is 
recombinant, as 25% of all the possible combinations of alleles was present in the 
population examined. 
 
Since  the  standardized  index of association value was calculated to be 0.1568 
(P>0.0005) in the current study, significant disequilibrium was present in the 
population of B. pilosicoli and this was a further indication that recombination is 
likely to have played a significant role in generating genetic variation in the species. 
This is once again similar to an earlier study that utilised MLEE for the analysis of 
strains of B. pilosicoli (Trott et al., 1998), where the calculated standardized index of 
association was 0.75 (P>0.0005), indicative of recombination occurring. 
 
This conclusion about recombination was further enhanced by the results obtained 
from the randomly concatenated trees using three loci. The topologies of the trees 
showed clear differences, with instances of STs that were paired in some trees but 
not in others. Using the four concatenated trees displayed in Figure 2.6 as an 
example, GP6, GP12, GP14 and GP 28 were paired in all four trees, but for Chapter 2: MLST of B. pilosicoli 
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Q97.000.6.2, Q97.000.6.4, Q97.000.6.7 and Q97.000.6.8, they were separated in the 
pgm-gdh-alp tree but were paired in all other instances. Another example is Gap 512, 
which was paired differently in all trees. These findings suggest that the evolution of 
the population structure has involved recombination, and that the population is not 
strictly clonal. 
 
From the population snapshot using eBURST, the STs were considered to belong to 
the same clonal complex (Cc) when they differed at only a single locus (Feil et al., 
2004). For each Cc, eBURST identifies the ST that is most likely to represent the 
genotype from which the others originate. Only five clonal complexes were 
identified from the eBURST population snapshot, hence suggesting that only a 
limited degree of clonality exists within the species. The largest Cc consisted of 
isolates from dispersed geographical locations in Australia, and from different host 
species. The human strain came from the Kimberley region in the north of Western 
Australia, one of the pig strains came from Victoria while the other two came from 
the same piggery in the southwest of Western Australia, and the two chicken isolates 
were from Queensland.  The occurrence of isolates from one clonal complex in 
different species does suggest that there is a possibility of recent cross-species 
transmission, although it is unlikely to have occurred in this case due to the wide 
geographical distances between the sites where the isolates originated.  
 
From the results of the eBURST analysis and calculation of the standardized index 
of association, it appears that recombination has a strong influence on the population 
structure, but that there is also some limited degree of clonality. As the isolates 
selected for this study included a range from different areas and different hosts, the Chapter 2: MLST of B. pilosicoli 
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findings are likely to be valid. Increased evidence of clonality is sometimes detected 
when using isolates from a single host species from the same geographical location. 
 
The radiation tree (Figure 2.7) showed that even though the isolates of B. pilosicoli 
were generally genetically distinct from one another, they were more similar to each 
other than to B. hyodysenteriae or  to  B. intermedia. The B. pilosicoli isolates 
appeared to be more diverse than those of the other two species, and there were some 
outlying groups. The isolates in the second cluster mainly came from pigs in 
Australia, and this may reflect the relative isolation of Australia from the rest of the 
world. It is interesting to speculate whether these strains were introduced with pigs 
during the 200 years of European settlement of Australia, or whether they originated 
from native species of birds, or from other animals. Another B. pilosicoli isolate, 
L72, collected from a pig in Queensland, was particularly distinct. The results of 
PCR confirmed that this isolate was B. pilosicoli, and there was no evidence of cross 
contamination with DNA from another species, and hence it appeared that this may 
be an unusual representative of the species. Its origin is uncertain. 
 
The source of the variation amongst B. pilosicoli strains is of considerable interest. 
Recent studies have detected a gene transfer agent (GTA) present in strains of B. 
pilosicoli, and theoretically this has potential to facilitate gene transduction within 
the species – and perhaps even across species (Humphrey et al., 1997; Motro et al., 
2009; Wanchanthuek et al., 2011). Hence this GTA, as well as more conventional 
integrated bacteriophages, may have been involved in transfer of variants of the 
housekeeping genes that were tested, and hence explain the evidence of 
recombination that was found. The locations of the seven targeted gene loci for Chapter 2: MLST of B. pilosicoli 
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MLST, as shown in Figure 2.1, were relatively spread out, but were only distributed 
over around ~50% of the genome. Hence additional variation in that part of the 
genome that wasn’t sampled would have been missed in this analysis. This 
possibility is unlikely to be of major significance, however, as similar levels of 
variation were found at each locus. The loci that were used were the same as those 
used in previous studies for the whole Brachyspira genus, and for B. hyodysenteriae 
and B. intermedia (Råsbäck et al., 2007; La et al., 2009; Phillips et al., 2010). At the 
time of those studies the complete genome sequences were not available for mapping 
of the loci and the housekeeping enzymes that they encoded had previously been 
used in the MLEE studies on the genus – and hence seemed appropriate to allow 
comparisons between the earlier MLEE studies and the MLST studies. Interestingly, 
only est and adh were located in similar proximity amongst the four species while 
the other five loci were distributed at different relative positions  in the other 
genomes. The approximate location of the genes in the four species is shown in 
Figure 2.8. These findings emphasise that considerable gene rearrangements have 
occurred within and between species during the relatively short evolutionary history 
of the genus Brachyspira (Zuerner et al., 2004). 
 
Given that the MLST method for Brachyspira species is now well established, and 
considerable data generated from these studies has been deposited in PubMLST, it 
does not appear worthwhile to further modify the method to include a wider 
coverage of the genome. Nevertheless, it might be interesting to examine variation at 
a few more “selectively neutral” loci on the unsampled side of the B. pilosicoli 
genome, to ensure that the extent of variation is similar at all loci. 
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Figure 2.8   Genomic maps showing the approximate position of the 7 MLST 
gene loci on B. pilosicoli, B. hyodysenteriae, B. intermedia and B. murdochii. 
 
 
Even though frequent genetic transfer and recombination appear to play an important 
role in shaping the population structure, an increased rate of mutation also could help 
to contribute to the overall sequence diversity. If this were the case, a possible 
mechanism could be that the DNA repair mechanisms in B. pilosicoli may not be as 
effective as compared to other species in the genus. The SOS response is an error-
prone repair system, and uses the RecA  protein; the latter is involved in the 
inactivation of the LexA repressor, thereby inducing the SOS response. Both recA 
and lexA have been identified in the genomes of B. pilosicoli and B. hyodysenteriae, 
but not in the genome of B. murdochii (Wanchanthuek et al., 2010). Even if present, Chapter 2: MLST of B. pilosicoli 
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however, the lexA gene is not expressed in many species of spirochaetes (Erill et al., 
2007). Further work is required to examine expression of lexA and related genes in 
the various Brachyspira species, and their potential influence on the comparative 
evolution of these species.  
 
As the MLST method developed here is quite complex for use by routine diagnostic 
laboratories, an attempt was made to develop a simpler method of genetic analysis 
for easier identification of different strains of B. pilosicoli. This work is described in 
Chapter 3. The extent of genetic variation in a “non-housekeeping” gene under 
different evolutionary pressure is explored in chapter four, and contrasted with the 
findings presented in this chapter. 
 
2.5  Conclusions 
 
MLST proved to be a straightforward and highly discriminatory method for 
analysing the population structure and diversity in B. pilosicoli. Significant 
recombination was deduced to occur in the species, overlaying a limited degree of 
clonality that appeared to be rapidly attenuated and broken down.  The apparent 
relative relationships between isolates varied somewhat depending on the type of 
tree that was constructed (eg consensus versus concatenated sequences), but the 
overall conclusions about strain diversity and the occurrence of extensive 
recombination were not altered. Chapter 3: MLVA of B. pilosicoli 
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CHAPTER 3: MULTIPLE LOCUS VARIABLE NUMBER TANDEM 
REPEAT ANALYSIS (MLVA) OF BRACHYSPIRA PILOSICOLI 
 
3.1  Introduction 
 
The work described in chapter 2 showed that MLST is a discriminating and highly 
standardized method for evaluating phylogentic relations and for “typing” different 
B. pilosicoli strains; nevertheless, MLST analysis requires some sophisticated 
equipment, and there are relatively high costs associated with the sequencing. Hence 
it would be useful if a simpler and relatively discriminating system could be devised 
for rapid typing of B. pilosicoli isolates, whilst also indicating broad genetic 
groupings. Pulsed field gel electrophoresis has been used for this purpose (Atyeo et 
al.,  1996), but it is quite time consuming and requires the availability of large 
quantities of pure DNA from the isolates to be examined. 
 
Multiple-locus variable number tandem repeat analysis (MLVA) is a method that 
uses non-coding regions of genomic DNA, consisting of direct repeats of the same 
sequence of bases, referred to as tandem repeats. The number of repeats in the 
sequence is determined genetically and can vary between different strains. These 
regions are known as variable number tandem repeats (VNTR) loci. Using VNTRs, 
it may be possible to discriminate between isolates in the same MLST STs by using 
different loci to generate a profile. Recently, an MLVA scheme had been developed 
and used for B. hyodysenteriae (Hidalgo et al., 2010). MLVA was shown to be a 
low-cost and simple epidemiological tool for typing and tracking B. hyodysenteriae 
isolates. It had  a high phylogenetic value and was recommended for use  in Chapter 3: MLVA of B. pilosicoli 
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conjunction with MLST in situations where more strain discrimination was needed. 
In this chapter, an attempt was made to select suitable loci that could be used for 
MLVA of B. pilosicoli, and to apply this analysis to the collection of isolates that 
had been used for MLST, so that the merits of the two methods could be compared. 
 
3.2  Materials and Methods 
 
3.2.1  Detection and selection of VNTR loci 
 
The complete chromosomal DNA sequence of B. pilosicoli  strain 95/1000 was 
obtained from GenBank (accession number CP002025; Project ID: 48097) and 
investigated for potential tandem repeats using the default parameters of the Tandem 
Repeat Finder program (Benson, 1999), which is available as a Web service 
(http://tandem.bu.edu/trf/trf.html). The selected tandem-repeat loci were ranked by 
consensus length, and those with lengths between 40 and 300 base pairs were used to 
design primers, using the flanking regions. These loci were named BPilo, followed 
by the repeat length ranking number (from 1 to 22), separated by an underscore. The 
primer sequences are shown in Table 3.1. 
 
3.2.2  Selection of primers for MLVA 
 
In order to determine which primers could be used for the MLVA, PCR and 
electrophoresis was carried out on DNA from the B. pilosicoli strains, in accordance 
with the method described in chapter 2. Initially all 22 sets of primers that were 
identified as being potentially suitable were tested using DNA from B. pilosicoli 
strain 95/1000 as a template. After verifying that the primers yielded the appropriate  Chapter 3: MLVA of B. pilosicoli 
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Table 3.1 Sequence of the primers designed for use in the VNTR method 
Primer  Primer Designation  Primer Sequence (5’ → 3’) 
BPilo_1 
BPilo_1_F  TCAGCAAAAGTTTCAGCATCA 
BPilo_1_R  TGATGAGAGAAAGAGGAGAGAAAAA 
BPilo_2 
BPilo_2_F  CAACCAAAAGCAATCGGAAT 
BPilo_2_R  AAAATTCCTCTGTTATTTAAAGCATAA 
BPilo_3 
BPilo_3_F  TGCTAATGGAGAATATGCAGAA 
BPilo_3_R  GCCACGGGAAAATTTGAAC 
BPilo_4 
BPilo_4_F  GCTGCCTAATTTAGATGATATAGAAAA 
BPilo_4_R  CTTCAGGCATAGGCGGTCT 
BPilo_5 
BPilo_5_F  TCAGCCATTGTATGTTCCTTTG 
BPilo_5_R  TTTTGGCTAAATTAAAGCAGATGA 
BPilo_6 
BPilo_6_F  ACCAGCAACATTTTCAACCA 
BPilo_6_R  CTTGGGATTGCCTGATGATT 
BPilo_7 
BPilo_7_F  GAAGAACAAGGCAGCGAACT 
BPilo_7_R  TCTTATGAGCATTGCATCAGTTG 
BPilo_8 
BPilo_8_F  AAGGCTCATTTTCCATACGC 
BPilo_8_R  AGGCGGTGCTGCTTTAACTA 
BPilo_9 
BPilo_9_F  TCTCAGCTAAACCCTGCGATA 
BPilo_9_R  ACGGCAGAAAATGATTCAAA 
BPilo_10 
BPilo_10_F  TTTTCCCTAATGGTGAATGGA 
BPilo_10_R  CCAGGAGCTAAAGCAAAAGG 
BPilo_11 
BPilo_11_F  TTGGTTCGTTTTCCCATAATTC 
BPilo_11_R  GAGGACTCTCAAAAGCATATTTACAA 
BPilo_12 
BPilo_12_F  TTTGCTAATAATTGTTTTGCTAATACC 
BPilo_12_R  TCAAATTTATTCAATTCAGCTTATCAA 
BPilo_13 
BPilo_13_F  AGGCAATCCCAAGTCATCAG 
BPilo_13_R  TGAATATGCCAAAAATCGAAGA 
BPilo_14 
BPilo_14_F  GCCTATAGCAACAGAGGCAAT 
BPilo_14_R  GCTTCTGGATTATCCGCACA 
BPilo_15 
BPilo_15_F  TCCCATACCGTAACCTCTTCC 
BPilo_15_R  TGCTGCAGGAGACAGTTTTT 
BPilo_16 
BPilo_16_F  GGATTTTTATTAGCCTTATTTTTAGGT 
BPilo_16_R  AAACAAGGGGCATTATTTATCTT 
BPilo_17 
BPilo_17_F  AGCAATGCATTAAATGAACAAAT 
BPilo_17_R  TTTTTCTGCTTGTATTAAACTTTCTTT 
BPilo_18 
BPilo_18_F  TGCCAAAACTAAACTTGGACTTT 
BPilo_18_R  TCTCTGGCACATTCATTGCT 
BPilo_19 
BPilo_19_F  TTGGTTAATTTGGTCTTGAGTAAGG 
BPilo_19_R  GCAATTATGGTATTTGGCTCTG 
BPilo_20 
BPilo_20_F  TGATGACGAAGAAGAAGATTATGA 
BPilo_20_R  CATCGAAGTCATCATCATCAAAG 
BPilo_21 
BPilo_21_F  TGACAATTTTGCAAGCGTTC 
BPilo_21_R  TTTTTAGCTTTTGCTATTGCATC 
BPilo_22 
BPilo_22_F  TGCAGAGTTAAGTGCCGATA 
BPilo_22_R  TCCAATTCTTCTTTTGCTTTGTT Chapter 3: MLVA of B. pilosicoli 
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results, PCRs were carried out on DNA extracted from 16 strains of B. pilosicoli 
selected from different clusters and locations on the phylogenetic trees obtained in 
the previous MLST study, described in chapter 2 (the strains belonged to ST1, ST7, 
ST13, ST25, ST37, ST41, ST46, ST48, ST61, ST80, ST90, ST103, ST106, ST117, 
ST126, and ST130). The identity of these isolates is indicated in Table A.1 in 
appendix A. Loci which yielded distinctive variation in the size of the tandem repeat 
bands for different isolates were selected for MLVA of B. pilosicoli.  
 
For the loci where the PCR did not produce product, different sets of primers were 
designed and used in an attempt to detect the predicted tandem repeats. The 
sequences of these primers are shown in Table A6 in appendix A. The same negative 
results were obtained with these primers. Overall, five primer pairs that produced 
variation in the band size with the 16 different isolates were selected for further use. 
These are described in the results section (Table 3.2), and the locations of the 
targeted regions of the genome are shown in Figure 2.1 in the previous chapter. 
 
3.2.3  Detection of VNTRs in B. pilosicoli 
 
PCR was carried out on all 119 isolates and strains using the first of the five selected 
primer pairs, and the products were visualized using gel electrophoresis and staining 
by immersion in 1% ethidium bromide for 30 min. Images of the gel were captured 
using a Biorad Chem Doc XRS Universal Hood and were used for analysis. The 
process was then repeated with the other four primer pairs. To assess the 
reproducibility of the procedure it was repeated with all the primers using the same 
samples. 
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On the gel electrophoresis image, a line was drawn from a band of the 1kb ladder on 
one side of the gel, connecting the band of the same size on the ladder at the other 
end. The size of each VNTR was estimated using the lines as reference points, and 
were recorded in the table of results.  
 
The number of tandem repeats was calculated using the estimated size of the 
resultant band divided by the size of the repeat. Alleles with the same number of 
tandem repeats were grouped together and assigned an allelic number. The allelic 
number was entered into the START2 program and a NJ phylogenetic tree was 
generated using the ML method, in the same way as described in chapter 2. Those 
isolates which produce a negative result with a particular primer pair were assigned 
the number 99 for the purpose of typing. 
 
The discriminatory power (D) of the MLVA method was then calculated. D is the 
average probability that the typing system will assign a different type to two 
unrelated strains randomly sampled in the microbial population of a given taxon, and 
can be expressed by the formula:  
 
Where D is the index of discriminatory power, N the number of unrelated strains 
tested, S is the number of different types, and xj the number of strains belonging to 
the j
th  type, assuming that strains will be classified into mutually exclusive 
categories. Thus, a D value of 1.0 would indicate that a typing method was able to 
distinguish each member of a strain population from all other members of that 
population (Grundmann et al., 2001).  Chapter 3: MLVA of B. pilosicoli 
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3.3  Results 
 
 
Investigation of the chromosomal sequence of B. pilosicoli 95/1000 with the Tandem 
Repeat Finder program identified 404 repeats in tandem throughout the 
chromosome. Out of all the detected loci, 22 were suitable candidates for the MLVA 
test due to their size and location around the genome, with the VNTR loci being 
located apart from each other. 
 
Using the 22 primer pairs with 16 strains yielded five sets that produced variations 
between the amplicons that allowed differentiation between the isolates. The 
remaining 17 primers produced only one or two bands for the 16 isolates tested. The 
location of the five selected repeats is shown in Figure 2.1 (Chapter 2), and details of 
each primer are shown in Table 3.2. The repeats used were located across about two 
thirds of the genome, with no repeats used from the remaining one third of the 
genome. 
 
Table 3.2 Table showing the alignment score, period size of the tandem repeat, 
consensus size of the VNTR, the number of tandem repeats and the size of the 
amplicon amplified using the primer. All the values were obtained using the 
template strain B. pilosicoli 95/1000. 
 
Loci 
Alignment 
score 
Consensus 
size 
Period 
size 
Copy 
no. 
Sequencing 
size 
BPilo_4  1262  785  102  7.7  1780 
BPilo_8  451  231  75  3.1  1226 
BPilo_9  803  461  159  2.9  1456 
BPilo_14  278  280  102  2.7  1275 
BPilo_16  806  478  72  6.2  1444 
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An example of amplicons produced from different strains with one of the primer 
pairs (Bpilo_9) is shown as Figure 3.1. The figure also shows how lines were drawn 
to estimate the size of the molecular weights of the amplicons used for MLVA.  
 
Figure 3.1 Gel electrophoresis photo of VNTR. The lines drawn in red connect 
similar weight markers of the 1kb ladder. 
 
DNA from two of the 119 isolates did not give any amplification, and these two 
isolates were excluded from the analysis. Not all of the other 117 isolates amplified 
at all loci, but a total of 102 VNTR profiles (VTs) were generated using the five loci. 
The repeated test yielded the same results with the isolates. Individual profiles are 
presented in Table A.5 in appendix A. A summary of the MVLA results is presented 
in Table 3.3. The number of alleles varied from four to nine at the different loci. 
Locus Bpilo_9 failed to amplify for 79 of the isolates (66%), whereas for locus 
Bpilo_14 only 16 isolates (16%) did not produce any amplification. 
 
Table 3.3 Table showing number of alleles and the number of isolates expressing 
each allele. 
  No. of 
alleles 
No. of isolates in each allele (maximum of 9)  No 
amplification  Loci  1  2  3  4  5  6  7  8  9 
BPilo_4  8  2  13  3  1  2  37  8  12  -  41 
BPilo_8  9  2  3  16  2  15  11  30  10  4  26 
BPilo_9  5  1  3  13  18  5  -  -  -  -  79 
BPilo_14  4  1  12  72  18  -  -  -  -  -  16 
BPilo_16  5  20  13  17  15  12  -  -  -  -  42 
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Overall the discrimatory power of this method using the five loci was 0.976, which 
was only slightly less than the discriminatory power of the MLST method (0.995).  
 
The NJ tree generated using the allelic profile from the MLVA sequencing is shown 
as Figure 3.3. The clustering of strains on the phylogenetic tree seemingly was more 
dependent on the species of origin than on the geographic origin. Generally there 
were more clusters formed using the MLVA method as compared to the MLST 
method. There were similar groupings of some of the isolates, such as the cluster of 
KeltonP1 and KeltonP5 (pigs from the same farm), but there were also differences, 
such as with the isolates Sonny Cyodor and Joyceline F2 (from Aboriginal children 
living in the same community in the north of Western Australia) which were 
separated in the MLST but grouped together in the MLVA tree. The large cluster of 
six isolates identified in the MLST analysis was also separated in the MLVA, but 
some of the isolates within the cluster were grouped together into smaller clusters. 
The outliers identified with the two methods also were different. 
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Figure 3.2  Phylogenetic 
tree generated using the 
allelic profile obtained 
from the MLVA 
sequencing. Chapter 3: MLVA of B. pilosicoli 
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3.4  Discussion 
 
Using the genome sequence of B. pilosicoli 95/1000, 22 loci were identified as being 
potentially suitable regions for MLVA analysis. This was very similar to the 
situation in the MLVA study conducted on B. hyodysenteriae (Hidalgo et al., 2010), 
where 23 VNTR loci were identified as being suitable for this sort of study. Hence, 
the number of optimally sized VNTR regions seems quite similar within these two 
different members of the genus Brachyspira.  
 
The PCRs designed to amplify these regions were tested on B. pilosicoli 95/1000 to 
ensure that the primers worked, and this was confirmed as all the reactions produced 
bands of the expected size for each locus. Further testing on 16 unrelated isolates 
showed little or no variation in size of the PCR products for most of the primers 
tested, and so these were discarded as being not sufficiently discriminating. Only 
five loci were identified which produced at least four variations between the 
amplified bands, and these were chosen for the MLVA. In contrast, eight such 
suitable loci were identified for the analysis in B. hyodysenteriae (Hidalgo et al., 
2010), Typically the number of loci used for MLVA for other bacteria has been 
between 5-8; for example, five loci have been used for Salmonella Typhimurium 
(Lindstedt  et al., 2004), six for Enterococcus faecium (Top  et al., 2004) and 
Bordetella pertussis  (van Amersfoorth et al., 2005), and eight for Neisseria 
meningitidis (Schouls et al., 2006) and Staphylococcus aureus (Malachowa et al., 
2005). Hence, even with only five suitable loci identified, there was potential for 
these to be used in MVLA of B. pilosicoli. 
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Using these five loci with 119 isolates, 102 VTs were produced. In the previous 
study done on B. hyodysenteriae using eight loci (Hidalgo et al., 2010), 44 types 
were obtained from 174 isolates, and the discrimatory power was 0.938. Overall, the 
collection of B. pilosicoli strains seemed to have greater genetic variation than the B. 
hyodysenteriae strains that were previously examined. Again, this is similar to the 
findings using MLST, as described in chapter 2. 
 
The MLVA method with five loci was a simple, rapid and replicable way to identify 
different strains of B. pilosicoli, and as such could be a very useful tool for molecular 
epidemiological studies. Two isolates were found that could not be amplified at the 
loci selected, and this was a downside of the MLVA method. It was possible that the 
DNA from these two isolates was degraded, but there was insufficient time to extract 
more DNA (and it was considered that 117 isolates was more than enough for the 
evaluation). Compared to MLST, the discriminatory power of MLVA was slightly 
lower, but the procedure was faster to carry out and the results were more easily 
interpreted. When comparing the various phylogenetic trees generated by the two 
methods, the MLVA method seems to have more clustering of isolates in respect to 
their species and location of origin. In the trees produced by both methods there were 
isolates that remained (probably correctly) clustered together (eg kelton 1 and kelton 
5; Q97.000.6.4 and Q97.000.6.7), but for most others they occupied different relative 
locations on the trees. Unfortunately it is not clear which of these methods gives 
more accurate results, and such insights will only become available when numerous 
strains of the species have been fully sequenced and compared. Even then, the 
recombinant population structure of the species may blur understanding of the 
underlying core relationships of the different strains.  Chapter 3: MLVA of B. pilosicoli 
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The locations of the VNTR loci selected, shown in Figure 2.1, were relatively spread 
out around the genome, although, as with MLST, around one third of the genome 
was not sampled. As the VNTR regions contain repeats of the same sequence they 
are not necessarily as ‘conserved’ as the housekeeping genes that have important 
metabolic functions that must be preserved. Hence  the VNTR regions are more 
likely to accumulate genetic modifications through random mutations, genetic 
translocations or gene duplications than are the MLST loci. In turn this would imply 
that a given MVLA locus is more likely to demonstrate allelic variation than an 
MLST locus – although this is balanced by the fact that individual bases in the 
sequence are examined at the MLST loci, and, in addition, for MVLA there were 
numerous “null” allelles scored where PCR products could not be generated. Null 
alleles cannot be distinquished from each other. 
 
Some modifications could be considered to improve on the MLVA method. As five 
different primer sets were used, the possibility of multiplexing the reaction could be 
explored. However, due to the variation in size between the different bands, it would 
be difficult to be confident that the bands produced originated from the specific 
VNTR loci. More tests would have to be done on a larger number of isolates in order 
to confirm the variation between the different VNTR loci.  
 
To get a more accurate prediction of the size of the VNTRs, sequencing of the 
amplicons could be considered, using the method employed in the MLVA study of 
B. hyodysenteriae (Hidalgo et al., 2010). This would be especially appropriate for 
the VNTRs that had a small repeat size (Bpilo_8 and Bpilo_16); however, to do this Chapter 3: MLVA of B. pilosicoli 
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the MLVA method would require more sophisticated equipment and would have a 
longer turnover time, which would defeat the aim of developing this method. 
Nevertheless, further studies could be done to determine if sequencing the amplicons 
would give the MLVA method a better resolution. Capillary electrophoresis could be 
used  to measure the size of the repeats as it gives a more accurate result. Less 
manpower would be needed for this procedure, but it would require more 
sophisticated equipment. 
 
3.5  Conclusion 
 
The MLVA method that was developed was easy to use and could readily 
differentiate between different strains of B. pilosicoli using five loci. It should prove 
to be a useful tool for rapid identification of relationships between isolates in disease 
outbreak situations. More broadly the method also confirmed the findings of MLST 
in relation to the diversity of B. pilosicoli and the lack of species-specific clustering 
of strains. The phylogenetic tree generated using the MLVA method showed more 
clustering compared to the MLST tree. Overall the structures of the trees were 
different, but there were similarities in the relationship of individual strains that 
presumably reflects genuine close similarities between them. 
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CHAPTER 4: DISTRIBUTION AND PHYLOGENETIC ANALYSIS OF 
BLAOXA-63,  A GENE ENCODING A GROUP IV CLASS D BETA-
LACTAMASE IN BRACHYSPIRA PILOSICOLI STRAINS 
 
4.1 Introduction 
 
OXA-63 is a group IV class D beta-lactamase encoded by the gene blaOXA-63 that was 
first described in B. pilosicoli strain BM4442 isolated from a human being in France 
(Meziane-Cherif et al., 2008; GenBank accession no. AY619003). Since then the 
gene and three variants (blaOXA-136, blaOXA-137 and blaOXA-197) have been described in 
other strains of B. pilosicoli from humans, pigs and birds (Mortimer-Jones et al., 
2008; Jansson and Pringle, 2011). Interestingly, this gene and the encoded enzyme 
are not found in all strains of the species, and hence the gene seems likely to have 
been acquired at some point in the evolutionary history of the spirochaete 
(Mortimer-Jones et al., 2008). The gene and encoded enzyme are not known to be 
present in other Brachyspira  species. This enzyme contributes to penicillin 
resistance in the spirochaete, and in particular confers resistance to oxacillin and 
related molecules by cleaving the beta-lactam ring and  thus  inactivating the 
enzymes. The gene encoding the enzymic activity may be under very different 
selection pressures than the genes associated with the “housekeeping” enzymes that 
are analysed in MLST, with this gene being under particular selection in strains that 
have been exposed to penicillins. In the work described in this chapter, an 
investigation was made to determine the distribution of this and variants of the gene 
in strains of  B. pilosicoli from different sources, as well as to look for allelic 
variation in the genes that were present. It was intended that these data would be Chapter 4: Phylogenetic analysis of blaOXA-63 gene 
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contrasted with the results of MLST and MVLA on the same isolates, to assist in 
understanding the forces shaping the population structure. 
 
4.2  Materials and Methods 
 
4.2.1  Polymerase chain reaction for the beta-lactamase gene 
 
Three PCR primer sets (Bp-oxa_U/D, Bp-lac1-F/R and Bp-oxa-F/R) were developed 
for amplification of the blaOXA-63  gene based on the sequence obtained from the 
French strain BM4442, as well as from strain 95/1000, the genome of which has 
been fully sequenced (Wanchanthuek et al., 2010). Three other primer pairs (O63A, 
O63B and O63C) that coded for regions within the blaOXA-63  gene also  were 
developed and used only on isolates where amplification had not occurred with the 
three initial primer pairs (Table 4.1). PCR reactions were carried out on the 119 
isolates that were used for the MLVA study described in the previous chapter. The 
PCR  mixture consisted of 1x PCR buffer, 1.5mM MgCl2, 0.5U Taq  DNA 
polymerase, 0.2mM of each dNTP, 0.5µM of forward and reverse primer and 
template. Cycling conditions involved an initial denaturation at 94 °C for 5 min, 
followed by 30 cycles of denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s 
and primer extension at 72 °C for 2 min (Mortimer-Jones et al., 2008). The products 
were separated by gel electrophoresis and visualised by staining with ethidium 
bromide, as described in chapter three. 
 
The presence of the blaOXA-63 gene was indicated by a DNA band of the correct size 
on the gel following electrophoresis. When no bands were produced for all six Chapter 4: Phylogenetic analysis of blaOXA-63 gene 
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primer pairs the blaOXA-63 gene was considered to be absent in the isolate, whilst the 
generation of products from one or more PCRs was interpreted as representing 
evidence for the gene (or parts of it) being present. 
 
 
Table 4.1   Primers used for amplification of the blaOXA-63 gene. 
 
Sixteen isolates which produced bands with all three initial primer pairs were chosen 
for the sequencing of the gene, using the ABI 373A sequencing system (Applied 
Biosystems), as described in chapter 2. The three sequenced areas were then aligned 
and combined into a single sequence of the blaOXA-63 gene. The nucleotide sequences 
are listed in Table A7 in appendix A.  These sequences were translated to the 
predicted amino acid sequences of the enzymes in the strains using the MEGA4 
software by matching the complementary triplet codon. The results were  then 
aligned with the predicted amino acid sequences from B. pilosicoli strains 95/1000 
and B4442 using the Bioedit Sequence Alignment Editor (Hall, 1999), as shown in 
Figure 4.1.  
 
Primer 
 
PCR and Sequencing Primers (5’ → 3’)  Gene Size 
Bp-oxa-US  TTTGGRRRRCAAGGCTCAACAG 
807bp  Bp-oxa-DS  GCTTTAGATATTGCTTTTTTGGC 
Bp-lac1-F192  AAGATTTTATCCAGCATCAAC 
450bp  Bp-lac1-R634  ATCCAGTTTTTCCATGAAGC 
Bp-oxa-F484  CCTTTGGAAATAAGTGCGATGGAGCA
 
209bp  Bp-oxa-R692  TCAAGCCAGCCTACGAACCAACC 
O63A_F  TCCTTTTTGCAAGGTCATCTG 
942bp  O63A_R  AATTCGCAAGTACCGGCATA 
O63B_F  GCTCCATCGCACTTATTTCC 
348bp  O63B_R  AGCAATGCTGAAGGAACATT 
O63C_F  GCACGGTAAGCGAATTTTGT 
257bp  O63C_R  GTGCGATGGAGCAAGTTAAA Chapter 4: Phylogenetic analysis of blaOXA-63 gene 
82 
 
 
 
Figure 4.1 Compiled alignment of nucleotide sequences in the first 80 bases of the 
16 strains with those from the blaOXA-63 gene from strains B4442 and 95/1000. 
 
All nucleotide sequences were placed in a single FASTA formatted file, aligned with 
ClustalW and edited with the blaOXA-63  gene  to the targeted length,  before being 
converted to the MEGA format (http://ccg.murdoch.edu.au/tools/clustalw2mega/). 
An NJ tree was constructed for the aligned DNA sequences using the MEGA v4.0.2 
program (Tamura et al., 2001). For comparison, a concatenated NJ tree generated 
using the MEGA4 program with the MLST data for the housekeeping genes in the 
same 16 strains also was constructed, as was a tree based on the MLVA data for 
these isolates. An NJ tree based on the predicted translated amino acid sequences 
from  the  blaOXA-63  gene also was prepared, to help identify potential new OXA 
proteins. 
 
To help assess the relative diversity amongst the housekeeping gene loci compared 
to the blaOXA-63 gene locus, the number of nucleotide differences at each sequenced 
locus was compared with the sequence for control strain 95/1000. This was done for 
each strain, and the mean difference at each locus was expressed as a percentage of 
the size of the sequenced fragment. Chapter 4: Phylogenetic analysis of blaOXA-63 gene 
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4.2.2  Medium, culture conditions and antimicrobial susceptibility testing 
 
The 16 B. pilosicoli  strains which showed evidence for the presence of the full 
blaOXA-63 gene, as well as control strain 95/1000 which previously has been shown to 
possess the gene and to be resistant to ampicillin (Mortimer-Jones et al., 2008), 
together with 15 B. pilosicoli strains in which the gene was not identified at all, were 
used in this part of the study. These strains were obtained as frozen stock from the 
culture collection and were sub-cultured on Trypticase Soy agar  (TSA)  plates 
containing 5% defibrinated ovine blood. The cells were grown for 12 days at 37°C in 
an anaerobic jar with an atmosphere of 94% H2 and 6% CO2 generated using a 
GasPak Plus gas generator envelope (BBL). A zone of weak haemolysis around the 
inoculated culture indicated growth, and confirmation was obtained by re-
suspending surface growth in phosphate buffered saline (PBS) and looking for the 
presence of motile spirochaetes using a phase-contrast microscope at a magnification 
of x400.  
 
The minimum inhibitory concentration (MIC) of ampicillin of all the strains was 
tested using doubling dilutions of antibiotic from 1 to 128μg ml
-1 in an agar dilution 
method. The test plates consisted of TSA containing 5% defibrinated ovine blood 
and the appropriate antibiotic concentration. No ampicillin was added to the control 
plates.  
 
Inocula were prepared by resuspending the growth of B. pilosicoli from the surface 
of a blood agar plate in 1 ml of sterile PBS, and re-suspending the cells. They were Chapter 4: Phylogenetic analysis of blaOXA-63 gene 
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counted using a haemocytometer chamber viewed under a phase-contrast 
microscope, with further dilution being made in PBS before 10
5 cells of each strain 
were stab-inoculated onto test and control  plates  in triplicate  (CLSI, 2007). The 
plates were incubated for 8 days at 37°C in an anaerobic jar, with an atmosphere of 
94% H2 and 6% CO2 and then observed for haemolysis around the stab marks. The 
first sensitive colony zone and the last resistant colonies were resuspended in PBS 
and checked for spirochaete growth using a phase contrast microscope at a 
magnification of x400. The MIC was recorded as the lowest concentration of 
ampicillin that inhibited growth.  
 
4.3  Results 
 
The PCR tests for the detection of the blaOXA-63 gene indicated that 104 (87.4%) of 
the 119 isolates tested had evidence of the gene being present; however, only 16 
produced products for all three PCR reactions, and hence only these were used for 
comparison of the sequence of the blaOXA-63 gene. The distribution of the positive 
PCR results amongst the 88 isolates that only had one or two PCR products 
generated in the first set of PCR reactions is shown in Table A8 in appendix A. Of 
these 88 isolates, 27 (30.7%) only produced one PCR product and 61 (69.3%) 
generated products in two PCR reactions. Of the latter, nine amplified with primers 
Bp-oxa-US/DS and Bp-lac1-F192/R634, 12 with primers Bp-oxa-US/DS and Bp-
oxa-F484/R692, and 40 with primers Bp-lac1-F192/R634 and Bp-oxa-F484/R692. 
 
The blaOXA-63 genes that were sequenced from the 16 strains all showed variation in 
their nucleotide sequences (ie none were completely identical). Nine strains only Chapter 4: Phylogenetic analysis of blaOXA-63 gene 
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showed relatively minor variation (less than 20 nucleotides difference) from the 
original  blaOXA-63  gene in reference strain BM4442, but seven showed greater 
difference (from 25 to 207 nucleotide differences). The size of the gene varied from 
the expected 804 bp to 810 bp in four strains, which increased their predicted protein 
size by two amino acids to 270. The phylogenetic relationship amongst the genes in 
the 16 strains is reflected in the NJ tree created using the nucleotide sequences, as 
shown as Figure 4.2. 
 
Figure 4.2. Nucleotide-based NJ tree showing the evolutionary relationships of the 
blaOXA-63 gene in the tested strains and comparison with the four existing blaOXA 
sequences. The tree is drawn to scale, with branch lengths in the same units as those 
of the evolutionary distances used to infer the phylogenetic tree. The scale bar 
represents five nucleotide substitutions in 10 base pairs of the gene fragment. 
 
 
Phylogenetic trees for the same 16 strains and control strain 95/1000 constructed in 
the same way using the MLST data and the VNTR data are shown as Figures 4.3 and 
4.4 respectively. In the OXA and MLST trees, but not in the MLVA tree, ST106 was 
an outlier. The relative positions of the other STs varied in the three trees. There 
tended to be more clustering of strains (STs) in the OXA tree, but when comparing Chapter 4: Phylogenetic analysis of blaOXA-63 gene 
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the scale bars in the OXA and MLST trees it is evident that the outlying strains are 
more diverse in their bla-OXA genes. The names of the strains in the different STs are 
shown in Tables 4.4 and 4.5.   
Figure 4.3.  Concatenated NJ tree generated by the  MEGA4 program from the 
MLST analysis. The length of the scale bar represents one nucleotide substitution in 
10 base pairs of the sequenced gene fragment. 
 
 
 
 
Figure 4.4. NJ tree generated using the START1 program from the MLVA analysis. 
The length of the scale bar represents 1 locus difference per unit. 
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The results for the number of nucleotide differences from control strain 95/1000 for 
the 16 strains at each of the seven MLST loci and at the blaOXA-63 locus are presented 
in Table 4.2.  The extent of differences was strain dependant at each locus. To obtain 
an overview the mean number was expressed as a percentage of the total sequenced 
fragment, and the esterase fragment showed the greatest difference (19.5%). The 
other housekeeping loci varied from the sequences of 95/1000 by 1.3% to 5.0%, 
while blaOXA-63 differed by 9.1%.  
 
Table 4.2. Results for the number of nucleotide differences from control strain B. 
pilosicoli 95/1000 for the each of the seven MLST loci and the blaOXA-63 locus in the 
16 strains. 
Strain  ST 
Nucleotide differences from control strain 95/1000 
Adh  Alp  Est  Gd
h 
Glp   Pgm  Thi  blaOXA-63 
Quentin F1  ST04  5  10  91  4  12  28  11  27 
Q98.0027.36  ST16  1  10  89  5  11  12  8  6 
Wandalup F  ST21  1  6  94  0  6  1  229  19 
HRM 2A  ST31  7  10  97  7  9  13  11  3 
OF15  ST33  7  10  94  8  22  25  8  2 
H21  ST38  7  9  90  12  22  13  16  7 
HRM7A  ST50  3  8  77  4  9  20  11  152 
GP 14  ST57  8  8  100  7  10  14  9  3 
V1 D1  ST59  5  10  95  5  10  12  7  150 
IMR 49  ST67  5  10  92  7  12  7  81  7 
Q98.0033.72  ST72  1  1  89  0  6  0  1  7 
P43/6/78
T  ST77  5  9  89  6  14  11  9  104 
Q97.000.6.4  ST86  2  10  95  6  12  9  8  1 
Willowgrove 
IA8 
ST103  2  12  181  3  14  15  6  333 
Wandalup 015  ST106  2  21  94  7  33  19  229  337 
Karlos  ST122  10  10  89  8  22  16  7  16 
Mean difference  4.4  9.6  97.2  5.6  14  13.4  40.7  73.4 
Sequence length  
 % difference 
347 
1.3 
648 
1.5 
498 
19.5 
412 
1.4 
686 
2.0 
743 
1.8 
745 
5.5 
807  
9.1 
 
All the nucleotide sequences were subjected to comparison with known beta-
lactamases using the NCBI Blast website, and for all the isolates except V1 D1 
(ST59), the most similar sequence was either blaOXA-136 or blaOXA-137. The gene in V1 
D1 (ST59), from a village dog in Papua New Guinea (PNG), showed most similarity Chapter 4: Phylogenetic analysis of blaOXA-63 gene 
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(94%) to the gene blaOXA-192  that is present in the Swedish B. pilosicoli strain 
AN3635/3/02, originally isolated from a mallard.  
 
The results for the translated amino acid sequence of OXA-63 in the 16 strains that 
were compiled and aligned using the Bioedit software are shown in Figure 4.5. The 
predicted OXA-63 protein in the strains varied from 268 to 270 amino acids in size.  
 
 
Figure 4.5  Amino acid sequence alignment of OXA-63 from French human B. 
pilosicoli  strain BM4442 (OXA-63) (Meziane-Cherif  et al., 2008), porcine B. 
pilosicoli strains 95/1000 and the 16 strains in which the presence of the blaoxa-63 
gene was detected through PCR amplification. The shaded amino acids are identical 
throughout the 16 strains. 
 
As summarized in Table 4.3, all five of the highly conserved active-site elements of 
class D beta-lactamases were present in the proteins from eight of the strains, with 
one active site being missing from five strains, and Quentin F1 (ST4), Willowgrove 
IA8 (ST103) and Wandalup 015/C138 (ST106) all having two or more elements Chapter 4: Phylogenetic analysis of blaOXA-63 gene 
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missing. The Phe-Gly-Asn (amino acids 144-146) motif found in most carbapenem-
hydrolyzing oxacillinases was present in all the strains.  
 
Table 4.3. Summary of the active sites in the OXA proteins of the 16 strains 
      Active site elements (amino acid positions)     
ST and strain  Ser-Thr-
Phe-Lys 
(70-73) 
Ser-Gln-
Val 
(118-
120) 
Lys-Thr-
Gly 
(208-
210) 
Phe-
Gly-Asn 
(144-
146) 
Trp-Phe-
Val-Gly 
(232 to 
235) 
ST4 (Quentin F1)            
ST16 (Q98.0027.36)            
ST21 (Wandalup F)            
ST31 (HRM 2A)            
ST33 (OF15)           
ST38 (H21)            
ST50 (HRM7A)            
ST57 (GP 14)           
ST59 (V1 D 1)           
ST67 (IMR 49)           
ST72 (Q98.0033.72)            
ST77 (P43/6/78T)           
ST86 (Q97.000.6.4)            
ST 103 (Willowgrove IA8)            
ST106 (Wandalup 015/C138)            
ST122 (Karlos)            
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Figure 4.6. Amino acid-based NJ tree showing the evolutionary relationships of the 
blaOXA-63 gene in the tested strains. The tree is drawn to scale, with branch lengths in 
the same units as those of the evolutionary distances used to infer the phylogenetic 
tree. The length of the scale bar represents two nucleotide substitutions in 10 base 
pairs of the sequenced gene fragment. 
 
A phylogenetic tree constructed with the amino acid composition for the blaOXA-63 
gene is shown in Figure 4.6. There were six predicted proteins with novel amino acid 
sequences that were distinct to a greater or lesser extent from the known OXA 
proteins. The strains containing the genes for these proteins were: Wandalup 
015/C138 (ST106) and Willowgrove IA8 (ST103); V1 D1 (ST59); HRM70 (ST50); 
Quentin F1 (ST04) and Wandalup F (ST21); P43/6/78
T (ST77); and OF15 (ST33).  
A main cluster of proteins, consisting of OXA-136 and OXA-137 and highly related 
proteins from eight of the strains can be seen at the top of the tree. In this cluster the 
isolates Q98.0027.36 (ST16) and Karlos (ST122) had the Trp-Phe-Val-Gly tetrad 
missing, whereas for the isolates outside this cluster, only Wandalup F (ST21) had 
all the active sites present.  
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Table 4.4. Predicted molecular mass, pI and percentage identity of the OXA proteins 
in the sequenced strains, and of other known OXA proteins from B. pilosicoli, 
compared with OXA-136 
ST and strain  Predicted Molecular 
Mass (kDa) 
Predicted 
pI 
% identity with 
OXA-136 
OXA-63  30.7  6.86  54.0 
OXA-136  30.9  5.65  100 
OXA-137  30.9  5.65  99.6 
OXA-197  30.1  9.07  30.3 
ST4 (Quentin F1)   30.9  8.64  50.1 
ST16 (Q98.0027.36)   30.8  5.65  99.0 
ST21 (Wandalup F)   30.7  8.34  47.4 
ST31 (HRM 2A)   30.9  5.65  99.7 
ST33 (OF15)  30.8  5.88  89.7 
ST38 (H21)   30.7  5.65  99.2 
ST50 (HRM7A)   31.6  9.49  34.3 
ST57 (GP 14)  30.9  5.65  99.7 
ST59 (V1 D 1)  31.3  8.16  32.5 
ST67 (IMR 49)  31.0  5.34  99.3 
ST72 (Q98.0033.72)   30.8  5.65  99.1 
ST77 (P43/6/78T)  31.3  8.19  38.3 
ST86 (Q97.000.6.4)   30.9  5.65  99.7 
ST 103 (Willowgrove IA8)   32.2  9.56  28.1 
ST106 (Wandalup 015/C138)   32.1  9.59  28.1 
ST122 (Karlos)   30.8  5.88  97.8 
 
 
The predicted molecular mass, pI and % identity with OXA-136 of the OXA-63 
proteins in the strains are summarized in Table 4.4. The % identity varied greatly 
amongst the proteins, ranging from 28.1% to 99.7%. Substantial differences were 
also observed in the predicted molecular masses and pI values.  
 
The 15 isolates that did not yield any bands using the initial three primers did not 
yield any amplicons using the addition three primer-pairs, whilst the positive control 
strain 95/1000 did yield products. The identities of these isolates are listed in Table 
4.5. They came from humans, chickens and pigs, and notably nine came from 
humans and pigs living the Asaro valley in the Eastern Highlands of PNG (Trott et 
al., 1998). The distribution of these isolates in the MLST tree is shown in Figure 4.7. Chapter 4: Phylogenetic analysis of blaOXA-63 gene 
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The 15 strains were distributed throughout the phylogenetic tree, but there was an 
interesting tendency for some of the strains to be closely related in adjacent STs. 
 
Table 4.5. Names and origins of the 15 B. pilosicoli strains that lacked evidence of 
possessing the blaOXA-63 gene 
Strain name 
 
ST  Species of origin 
Country where 
isolated 
V1 H11   6  Human   PNG 
V1 H141   7  Human   PNG 
Q98.0228.5.7   20  Chicken  Australia 
H4-2   39  Human   Australia 
V1 H 12  42  Human  PNG 
V1 H 116  43  Human  PNG 
GP 42  54  Pig  PNG 
IMR 81  65  Human  PNG 
IMR 48  66  Human  PNG 
Q98.0228.5.2  73  Chicken  Australia 
GP 32  78  Pig  PNG 
GP 35  80  Pig  PNG 
Q98.0072.31   114  Chicken  Australia 
89-2005B   117  Pig  Canada 
89-2005A   118  Pig  Canada 
      * PNG, Papua New Guinea 
Table 4.6.  Results of the susceptibility tests with ampicillin for the B. pilosicoli 
strains that had evidence for possessing the full blaOXA63 gene 
Strain  ST  Origin  MIC (ampicillin) 
µg ml
-1 
Quentin F1  ST04  Human / Australia  >128 
Q98.0027.36  ST16  Chicken / Australia  >128 
Wandalup F  ST21  Pig / Australia  >128 
HRM 2A  ST31  Human / Italy  64 
OF15  ST33  Pig / Australia  >128 
H21  ST38  Human / Australia  >128 
HRM7A  ST50  Human / Italy  >128 
GP 14  ST57  Pig / PNG  4 
V1 D1  ST59  Dog / PNG  <1 
IMR 49  ST67  Human / PNG  <1 
Q98.0033.72  ST72  Chicken / Australia  32 
P43/6/78
T  ST77  Pig / UK  >128 
95/1000  ST82  Pig / Australia  >128 
Q97.000.6.4  ST86  Chicken / Australia  >128 
Willowgrove IA8  ST103  Pig / Australia  >128 
Wandalup 015/C138  ST106  Pig / Australia  64 
Karlos  ST122  Human / Australia  >128 
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The results of susceptibility testing for the 16 selected strains that possessed 
evidence of having the blaOXA-63 gene, and control strain 95/1000, are summarised in 
Table 4.6. Using an MIC of 32 or more as being indicative of lack of susceptibility 
(Jansson and Pringle, 2011), three isolates, all from PNG, were clearly susceptible to 
ampicillin, whilst the other resistant strains varied in their MIC values. The MIC 
value for control strain 95/1000 was >128 µg ml
-1,  consistent with what has 
previously been reported (Mortimer-Jones et al., 2008). Structurally, for the three 
susceptible PNG strains, only the amino acid composition of V1 D1 (ST59) was very 
different from that of the rest of the isolates, and it lacked the tetrad structural motif 
Trp-Phe-Val-Gly. The genes in GP14 (ST57) and IMR49 (ST67) were similar to 
blaOXA-136 and they did not demonstrate any distinctive differences in their structure, 
being predicted to have all five active sites. Although there were eight isolates that 
were missing one or more active sites, only one, Wandalup F (ST21) was sensitive to 
ampicillin. All 15 strains that lacked the blaOXA-63  gene were susceptible to 
ampicillin. Chapter 4: Phylogenetic analysis of blaOXA-63 gene 
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  Figure 4.7 Unconcatenated NJ tree of sequences of 131 B. pilosicoli isolates used in the study. It 
is the same tree used in Fig 2.3. Scale = 1 locus difference per unit. The highlighted STs contain 
the 15 isolates in which the bla0xa-63 gene could not be identified Chapter 4: Phylogenetic analysis of blaOXA-63 gene 
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4.3  Discussion 
 
The purpose of the work described in this chapter was to investigate the distribution 
of blaOXA-63 and any variants of the gene in strains of B. pilosicoli from different 
sources; to document allelic variation in the genes that were present; and to analyse 
the distribution and phylogeny of the gene in the context of the results of MLST and 
MVLA on the same isolates - with the object of gaining a better understanding of the 
evolutionary forces shaping the B. pilosicoli population structure. All of these 
objectives were achieved. 
 
PCR detection and sequencing of the blaOXA-63 gene showed that the complete gene 
and variants of it were only present in 16 (21.5%) of the 119 isolates tested. There 
was evidence for at least parts of the gene being present in a further 88 isolates 
(where one or two of the expected three PCR products were generated), with only 15 
isolates (12.6%) identified as apparently completely lacking the gene as no PCR 
products were generated in six separate PCRs. This result immediately signals the 
wide distribution of the blaOXA-63 gene or components of it amongst B. pilosicoli 
isolates from different species of origin around the world, but also suggests that the 
gene has been disrupted in many isolates. The lack of PCR products in the different 
reactions could have been due to specific nucleotide changes at the primer sites, the 
extent of which is unknown, or have been associated with larger scale gene 
rearrangements or deletions. These possibilities could not be determined, but in 
future work Southern blotting with all or portions of the gene, undertaken at high 
and low stringency, could be used to identify the presence and location of the gene 
and its component parts on different DNA restriction fragments of the genome. In Chapter 4: Phylogenetic analysis of blaOXA-63 gene 
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this study it was generally assumed that the gene in those isolates with only one or 
two amplified products was likely to be more diverse than in isolates where all three 
products were generated. 
 
One of the most interesting findings was that of the 15 strains that apparently lacked 
the gene altogether, nine were isolated from humans and pigs in the Asaro valley of 
PNG. The other isolates came from Canada (from two pigs) and different parts of 
Australia (from two chickens and a human being). Although these isolates were 
located on different parts of the MLST tree, amongst them there were a number of 
subgroups of two or three isolates from the same geographical areas and species that 
were closely related (STs 6 and 7; STs 39, 42 and 43; STs 65 and 66; STs 78 and 80; 
STs 117 and 118: table 4.4). Hence, although strains lacking the gene are not 
common, they occur in different countries and are present in different species. This 
tends to suggest that the gene may have been lost from some strains at different 
times, rather than representing a recent acquisition of the gene in all the strains that 
possess it. In this way the gene may have been acquired ancestrally, been gradually 
disrupted and degraded in many strains, and eventually have been completely lost in 
a small minority of cases in different locations.  
 
The situation becomes even more intriguing when considering the three strains that 
possessed the full BlaOXA-63 gene but were sensitive to ampicillin, since they all also 
came from the Asaro valley in PNG. Indeed, as shown in Table A5, strain IMR 49 
(ST67) that had the gene but was susceptible to ampicillin was very closely related 
to strain IMR 49 (ST66) that did not have evidence of the gene and was susceptible 
to ampicillin. Presumably these three strains with the gene that were still susceptible Chapter 4: Phylogenetic analysis of blaOXA-63 gene 
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were not able to express it, due to loss of promoters or similar changes outside the 
gene. Arguably, if the gene is ancestral to the species, and has been lost from some 
strains or disrupted, this loss is less likely to have exerted a negative selection 
pressure in remote areas such as the Asaro valley where antibiotic usage has been 
relatively low. 
 
A comparison of the phylogenetic tree for the 16 strains in which the blaOXA-63 gene 
was sequenced, and the MLST and MLVA trees for the same strains, indicated that 
there was more clustering of strains in the blaOXA-63 gene tree than in the other trees. 
This could be taken to mean that there was less variation in the blaOXA-63 gene in 
these strains compared to the housekeeping genes or repeat sequences, but this effect 
may have been influenced by the fact that the comparison was between trees based 
on one locus (blaOXA-63) compared to seven concatenated loci in the case of MLST, 
or five loci in the case of MLVA. Nevertheless, there were some similarities between 
the blaOXA-63 and MLST trees.  
 
When the percent nucleotide diversity of the housekeeping genes and blaOXA-63 from 
the sequences in 95/1000 were compared with those in the 16 strains from which 
blaOXA-63  was sequenced, apart from esterase (Est), the diversity in blaOXA-63  was 
between 7 and 1.7 times greater than in the other six genes (Table 4.2). Even though 
the comparison was only over 16 strains, and only against one reference strain, it 
does indicate that there is more diversity in the blaOXA-63  gene than in the 
housekeeping genes. Hence the use of predicted non-selective housekeeping genes in 
MLST is likely to under-represent the full extent of nucleotide diversity that exists 
between strains in the species. Diversity is likely to be greater in the BlaOXA-63 gene Chapter 4: Phylogenetic analysis of blaOXA-63 gene 
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compared to most of the housekeeping genes because a loss of function in BlaOXA-63 
is only important in situations where the spirochaete is exposed to penicillin.  
 
The extent of diversity in BlaOXA-63  may be even greater than suggested by this 
analysis, because there were a very large number of isolates in the collection where 
only portions of the gene were present. Presumably once the function of the gene is 
lost due to nucleotide changes that result in structural changes, there is no longer any 
pressure to maintain the gene, even in the presence of penicillin.  
 
A surprising observation in the 16 strains where the nucleotide sequences were 
compared with those in 95/1000 was that the Est  sequence was 2.1 times more 
diverse than the blaOXA-63 sequence. This may be because the Est sequence in the 
control strain 95/1000 is not representative of that in the other strains with which it 
was compared, or because its activity may not actually be required for the survival of 
this species - meaning that the gene sequence is not so conserved. Arguing against 
the latter possibility was the fact that it was possible to amplify the Est sequence 
from all strains in the collection in the MLST study. 
 
This diversity found in the BlaOXA-63 gene was consistent with the recombinant nature 
of the species identified in the MLST and VNTR studies. Although the purpose of 
the current work was not to investigate the function of the BlaOXA-63 gene, it would 
have been interesting to look at susceptibility to ampicillin in those strains where 
only one or two PCR products were generated, to determine whether the gene was 
still likely to be active and capable of generating the beta-lactamase activity. 
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Although studying the function of the OXA-63 proteins was not the main purpose of 
the current study, nevertheless some observations about this were made. In this study 
ampicillin was used as a proxy for oxacillin when testing blaOXA-63 gene function, 
and clearly it is possible that the ampicillin may have been hydrolysed by other beta-
lactamases, or have become less effective due to changes in the structure of the 
penicillin-binding proteins in the cell wall. There was some evidence for this sort of 
effect occurring, as amongst the isolates where one or more active site elements were 
missing, only isolate V1 D1 (ST59) was sensitive to ampicillin. Hence it would be 
useful to test these resistant isolates with oxacillin, and with combinations of 
ampicillin and clavulanic acid to try to confirm the source of the beta-lactamase 
activity – as was previous done by Mortimer-Jones et al. (2008). Nevertheless, the 
presence of genes encoding proteins with structural motifs of OXA proteins in 
strains that were resistant to ampicillin does suggest there was oxacillin activity. It 
was interesting that some of the ampicillin resistant strains had distinct (and 
sometimes very distinct) predicted amino acid sequences in their OXA proteins, and 
if these proteins are genuinely active in hydrolysing oxacillin they should be given 
new OXA designations.  
 
4.4 Conclusion 
 
The work described in this chapter identified extensive variation in the BlaOXA-63 
gene in B. pilosicoli strains, consistent with the recombinant nature of the species. 
Variation appeared to be greater than in all but one of the housekeeping genes used 
in MLST, presumably because possessing a functional BlaOXA-63  gene is less 
important for survival than are the genes encoding metabolic enzymes. A functional Chapter 4: Phylogenetic analysis of blaOXA-63 gene 
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BlaOXA-63 gene is only likely to be selected for if the strains are regularly exposed to 
oxacillin, or to other penicillins for which the spirochaete do not have alternative 
means of resisting this activity; for example through the availability of alternative 
beta-lactamases, or changes in the structure of penicillin-binding proteins in the cell 
wall. Chapter 5: General Discussion 
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CHAPTER 5: GENERAL DISCUSSION AND CONCLUSIONS 
 
The spirochaete Brachyspira pilosicoli has received relatively little study, despite the 
fact that strains of the species infect and cause disease in a wide range of hosts, 
including human beings, pigs, dogs, horses, chickens and other avian species. In part 
some of the lack of detailed study may have arisen from the fact that B. pilosicoli is a 
slow growing anaerobe, requiring specialized media for its isolation and growth. 
Hence this spirochaete, as with other Brachyspira species, is relatively difficult to 
work with. An important recent advance in understanding B. pilosicoli was the 
availability of a complete genome sequence for strain 95/1000: this will open new 
opportunities for advances in  areas such as understanding the  metabolism and 
potential pathogenic mechanisms of the spirochaete. To complement this, the studies 
described in the current thesis aimed to analyse and improve understanding of the 
broader issues relating to the genetic diversity and population structure of B. 
pilosicoli, including gaining insights into how this species has been shaped, and how 
it is continuing to evolve.  
 
To achieve this overarching aim, three objectives were developed: 
 
1. To assemble  a large collection of isolates of B. pilosicoli  from different host 
species and locations. 
2. To develop MLST and MLVA as new molecular methods for analyzing the B. 
pilosicoli population, and applying them to the collection. 
3. To examine the occurrence of the beta-lactamase gene blaOXA-63 in B. pilosicoli 
strains from different origins, and assessing variations in the sequence of the gene in Chapter 5: General Discussion 
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an attempt to deduce its molecular evolution and compare it to that of other genes 
that were studied. 
 
In the work described here, a large and unique collection of B. pilosicoli strains was 
accessed from the culture collection at Murdoch University. It included isolates 
collected from various countries and animal species over a period spanning three 
decades.  Using this resource, and based on previous work on other Brachyspira 
species conducted in our laboratory (Råsbäck et al., 2007; La et al., 2009; Phillips et 
al., 2010), the first comprehensive MLST scheme for B. pilosicoli was established, 
with the data generated for 131 isolates being deposited at a new B. pilosicoli 
PubMLST site, listed under http://pubmlst.org/brachyspira/. A total of 127 STs were 
obtained from the 131 isolates, thus indicating that high rates of genetic variation 
occur  within the population. Differences in predicted  amino acid sequences also 
were examined, with 123 AATs generated. The mean genetic diversity score for the 
loci was 0.977, with all loci being highly polymorphic. The extensive diversity that 
was identified in the population agreed with the results of an earlier study that 
utilised multilocus enzyme electrophoresis (MLEE) to analyse large numbers of 
strains of B. pilosicoli (Trott et al., 1998).  
 
The results of the SH test indicated that there was substantial recombination in the 
evolutionary history of B. pilosicoli, and that each gene analysed was independently 
evolving. This conclusion was supported by the calculated Standardized Index of 
Association value (0.1568; P>0.0005), which suggested that there was significant 
disequilibrium present in the B. pilosicoli population. The latter result was similar to 
that of the earlier study that utilised MLEE for analysis of strains of B. pilosicoli Chapter 5: General Discussion 
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(Trott  et al., 1998), where the calculated IA value was 0.75 (P>0.0005). The 
presence of recombination in B. pilosicoli was further deduced through production of 
randomly concatenated trees using three loci. The topologies of the trees showed 
instances of STs being paired in some trees but not in others, when different 
combinations were used. These findings again strongly suggest that recombination 
plays a central role in the evolution of the population structure of B. pilosicoli. 
 
Using eBURST, only five small clonal complexes (Cc) were identified, with the ST 
that was most likely to represent the genotype from which the others originated also 
being identified. These results suggesting that only a limited degree of clonality 
exists within the species. Such Ccs may have arisen due to recent expansion of 
related strains that had some growth advantages, which originally  arose  through 
recombination  or mutational events. The largest Cc consisted of isolates from 
dispersed geographical locations in Australia, and from different host species. 
Although this suggests the possibility of recent cross-species transmission of a clonal 
group, the wide geographical distances between the sites where the isolates 
originated  make this more difficult to explain.  Possible mechanisms would be 
transmission through migratory bird species, or mechanical transmission due to 
human movements or activities. As the isolates selected for this study included a 
range from different areas and different hosts, the overall findings are likely to be 
valid. Increased evidence of apparent clonality is sometimes detected when isolates 
are from a single host species from the same geographical location. 
 
Even though the isolates of B. pilosicoli were generally genetically distinct from one 
another, they were still clearly separated from B. hyodysenteriae and B. intermedia Chapter 5: General Discussion 
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in a radiation tree. The B. pilosicoli isolates appeared to be more diverse than those 
of the other two species, and there were some outlying groups.  
 
By contrast to B. pilosicoli, the species B. hyodysenteriae and B. intermedia both 
have been deduced to be essentially clonal (La et al., 2009; Phillips et al., 2010). 
Hence, remarkably, these three important pathogenic species in the same genus have 
very different population structures.  One interpretation could be that the latter two 
species have evolved relatively recently from single strains or clones that were 
derived from an ancestoral recombinant species, and which have been successful in 
finding suitable niches. At the same time they would have lost their propensity to 
undergo recombination. The ancestoral species would most likely be B. pilosicoli, as 
it is recombinant and is likely to throw off strains with new properties that 
themselves may evolve into new clonal or recombinant species. 
 
 It is interesting that recent studies have detected gene transfer agents (GTA) in 
strains of these three species, and these GTAs have the potential to facilitate gene 
transduction within the species, or possibly even across species (Humphrey et al., 
1997; Motro et al., 2009; Wanchanthuek et al., 2011). In the case of B. pilosicoli, but 
not the other two species, if this activity was unusually pronounced it could help to 
explain the evidence of the recombination that was found. Further work is needed to 
look for evidence that GTAs are functional in B. pilosicoli. A prophage sequence has 
also been identified in the sequenced B. pilosicoli strain 95/1000 (Wanchanthuek et 
al., 2011), and clearly such genetic elements may have the potential to transduce 
genetic information and contribute to recombination. 
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The locations of the seven targeted gene loci for MLST, as shown in Figure 2.1, 
were relatively spread out over around about half of the genome. Comparing the 
position of the seven MLST loci with the complete genomes of B. pilosicoli, B. 
murdochii, B. hyodysenteriae and B. intermedia, only the relative positions of the est 
and adh were in similar proximity in the four species, while the other five loci were 
located at different positions. These findings emphasise that  considerable gene 
rearrangements that have occurred within and between species during the relatively 
short evolutionary history of the genus Brachyspira (Zuerner et al., 2004). Such 
recombination and rearrangement may be more common in B. pilosicoli than in the 
other species, but this possibility can only be answered by gene  mapping 
experiments such as those used by Zuerner et al. (2004) using large numbers of 
strains of the species, or by comparing large numbers of individual genome 
sequences of different strains in the various species. 
 
Other than the gene transfer agent and recombination playing a part in the genetic 
variation within the species, there also is likely to be a high rate of uncorrected 
mutations in B. pilosicoli to account for the genetic diversity. The generation time of 
the various Brachyspira species is rather similar, so this would not contribute to the 
differences. A possible explanation may be that the DNA repair mechanisms in B. 
pilosicoli are not be as effective as compared to other species in the genus. Further 
work is required to investigate this area. 
 
The work described in chapter three involved developing and using an MLVA 
system as a faster and more convenient method for strain typing and for analyzing 
relationships between B. pilosicoli strains. Although 22 loci were identified as being Chapter 5: General Discussion 
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potentially suitable regions for MLVA analysis, only five loci that produced at least 
four variations between the amplified bands ultimately were identified and selected 
for use. Using these five loci, 102 VTs were produced from 119 isolates that had 
been used in the MLST analysis. Comparing the results with those of a previous 
MLVA study done on B. hyodysenteriae strains, the collection of B. pilosicoli strains 
again showed greater genetic variation.  
 
Although the MLVA method using five loci was a simple, rapid and reproducible 
way to identify different strains of B. pilosicoli, there were two isolates that could 
not be amplified at any of the loci selected. Such failure to amplify is a possible 
limitation of the MLVA method. Comparing the two strain typing methods, the 
discriminatory power of MLVA was slightly lower than that of MLST, but the 
procedure was more rapid and the results were more easily interpreted. As an 
epidemiological tool, the MLVA method gave more clustering of isolates in respect 
to their species and location of origin. Unfortunately it was not possible to conclude 
which method gave a more accurate result, as more strains of the species have to be 
fully sequenced and compared before that is possible. Even then, due to the 
recombinant  population structure of the species, it may not be possible to truly 
understand the relationships of the different strains. 
 
Comparing the target loci of the methods, the VNTR regions are unlikely to be as 
‘conserved’ as the housekeeping genes, as the latter  have important metabolic 
functions that must be preserved. Thus the VNTR repeats are likely to be more prone 
to uncorrected random mutations, genetic translocations or gene duplications than 
are the MLST loci. Thus MLVA should produce more variation in alleles; however, Chapter 5: General Discussion 
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as MLST examined the loci at a nucleotide level, this also generated a large number 
of alleles. The “null” alleles generated from the MLVA could not be distinguished 
from each other, and this made the method less sensitive than it could have been if 
all the loci produced amplification for all the isolates.  
 
The work described in the fourth chapter focused on investigating the distribution of 
blaOXA-63  and any variants of the gene in strains of B. pilosicoli from different 
sources. It also examined  allelic variation in the genes present and  analysed the 
distribution and phylogeny of the gene in the context of the results of MLST and 
MVLA.  As  blaOXA-63  encodes an OXA penicillinase, it is likely that positive 
selective pressures on this gene would only occur in environments where the strains 
are in regular contact with penicillins.  
 
PCR detection and sequencing of the blaOXA-63  gene showed that the gene or 
components of it were widely distributed amongst  B. pilosicoli isolates from 
different species of origin in different parts of the world. Interestingly, however, only 
16 isolates had clear evidence of possessing the entire gene sequence, and 15 lacked 
it completely. The other isolates had partial sequences identified by PCR, and it was 
interpreted that in these isolates an ancestoral gene had been disrupted and parts lost 
over time. However, the latter assumption should be confirmed using methods such 
as Southern hybridization at high and low stringency with genome restriction 
fragments and  gene probes corresponding to components of the full gene. This 
would certainly help to determine whether componets have been completely lost, or 
simply rearranged to other positions on the genome. 
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Fifteen isolates had no PCR evidence of possessing the blaOXA-63 gene. Assuming 
that the gene was acquired in the distant ancestoral history of the species, for these 
15 isolates the gene may have been degraded and lost completely, or it may never 
have been acquired  in the past. The likelihood of these two competing,  but not 
necessarily mutually excluding explanations, does hinge somewhat on when these 
putative events occurred. Penicillins have only been widely available as therapeutics 
since the 1940s, so, unless environmental exposure to beta-lactam  producing 
Penicillium chrysogenum (formerly  notatum) or similar fungi  is a confounding 
factor, selection pressure to retain a functional gene has only been exerted since then. 
 
Although these 15 isolates were located on different parts of the MLST tree, there 
were  subgroups of two or three isolates from the same geographical areas and 
species that were closely related. Nine isolates were from humans and pigs from the 
Asaro Valley in the Highlands of PNG. In this unique and remote location, it seems 
possible that ancestoral strains may have existed that never acquired the gene. The 
other five isolates came from Canada (from two pigs) and different parts of Australia 
(from two chickens and a human being), and it seems likely that  evolved 
independantly.  
 
Hence, overall, although strains lacking the gene are not common, they occur in 
different countries and are present in different species. This observation tends to 
suggest that the complete loss of the gene through random mutation events, over an 
extended period of time, also may have occurred.  
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When the percent nucleotide diversity of the housekeeping genes and blaOXA-63 from 
the sequences in 95/1000 were compared with those in the 16 strains from which 
blaOXA-63 was sequenced, apart from esterase (Est), the diversity in blaOXA-63 was 1.7 
to 7 times greater than in the other six genes. Hence the use of housekeeping genes 
in MLST is likely to under-represent the full extent of nucleotide diversity that exists 
between different isolates in the species.  The extent of diversity in BlaOXA-63 may be 
even greater than suggested by this analysis, because many isolates in the collection 
only had parts of the gene present. Presumably once the function of the gene is lost 
due to nucleotide changes that result in structural and functional changes, there is no 
longer any selective  pressure to maintain it.  Overall, the  diversity found in the 
BlaOXA-63 gene was consistent with the recombinant nature of the species that was 
identified  in the MLST and VNTR studies. It can be assumed that  very large 
numbers of new blaOXA-63  type genes occur amongst isolates of B. pilosicoli in 
various countries, and, due to the recombinant nature of the species, this makes it 
inadvisable to keep naming every new sequence variant that is identified.  
 
5.1 Conclusions 
 
The work described in this thesis has clearly identified the recombinant nature of 
Brachyspira pilosicoli. It has resulted in the development of MLST and VNTR 
techniques for analyzing the population structure, and for use in molecular 
epidemiological studies. It has also identified different sets of evolutionary pressures 
placed on the blaOXA-63 gene that have resulted in numerous variants of this gene.References 
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Appendix A 
 
Figure A1. Concatenated NJ tree of 131 isolates of B. pilosicoli, one of B. 
hyodysenteriae and one of B. intermedia. The tree is drawn to scale, and each unit 
represents 1 difference per 100 base pairs. The evolutionary distances were 
computed using the Maximum Likelihood method with the MLST data 
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Table A1. Table showing the names of the 131 isolates, species which isolates are 
extracted, location which isolates are extracted and STs assigned to the isolates. 
 
No.  Name  Species  Location  STs  
1  24072-93A  Dog  USA  1 
2  28/94   Human   France  2 
3  Tomara    Human   Australia  3 
4  Quentin F1   Human   Australia  4 
5  Q98.0028.3   Chicken  Australia  5 
6  V1 H11   Human   PNG  6 
7  V1 H141   Human   PNG  7 
8  AN652/02  Pig  Sweden  8 
9  AN984/03  Pig  Sweden  9 
10  AN1085/02  Pig  Sweden  9 
11  AN2448/02  Pig  Sweden  10 
12  L72   Pig  Australia  11 
13  Q97.000.6.10   Chicken  Australia  12 
14  Q98.0072.37   Chicken  Australia  13 
15  Q98.0026.12   Chicken  Australia  14 
16  Q98.0062.14   Chicken  Australia  15 
17  Q98.0027.36   Chicken  Australia  16 
18  Q97.2224.3.1   Chicken  Australia  17 
19  Q98.0026.11   Chicken  Australia  18 
20  Q96.1037.0   Chicken  Australia  19 
21  Q98.0228.5.7   Chicken  Australia  20 
22  Wandalup F   Pig  Australia  21 
23  Q97.3008.4.2   Chicken  Australia  22 
24  Q98.000.6.1   Chicken  Australia  23 
25  OF 2  Pig  Australia  24 
26  C162  Pig  Sweden  25 
27  AN953/02  Pig  Sweden  26 
28  D9201243   Pig  USA  27 
29  AN738/02  Pig  Sweden  28 
30  Q94.0354.0.6   Chicken  Australia  29 
31  HRM 2B   Human   Italy  30 
32  HRM 2A   Human   Italy  31 
33  Q95.3281.0   Pig  Australia  32 
34  OF15   Pig   Australia  33 
35  H43-2   Human   Australia  34 
36  OF 11   Pig  Australia  35 
37  2152  Horse  Australia  36 
38  Joyceline    Human   Australia  37 
39  H21   Human   Australia  38 
40  H4-2   Human   Australia  39 
41  H38-2   Human   Australia  40 
42  Barney   Human   Australia  41 
43  V1 H 12  Human  PNG  42 Appendix A 
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No.  Name  Species  Location  STs  
44  V1 H 116  Human  PNG  43 
45  V1 H 103  Human  PNG  44 
46  NZ 91/31349  Pig   NZ  45 
47  Apr-52  Horse  Australia  46 
48  BR81/80   Human   France  47 
49  Gap418   Human   Australia  48 
50  HRM7   Human   Italy  49 
51  HRM7A   Human   Italy  50 
52  GP 24  Pig  PNG  51 
53  GP 17  Pig  PNG  52 
54  GP 36  Pig  PNG  52 
55  GP 20  Pig  PNG  53 
56  GP 42  Pig  PNG  54 
57  GP6  Pig  PNG  55 
58  GP 28  Pig  PNG  56 
59  GP 14  Pig  PNG  57 
60  V1 H 106  Human  PNG  58 
61  V1 D 1  Dog  PNG  59 
62  V1 H 126  Human  PNG  60 
63  IMR 2  Human  PNG  61 
64  V1 H 117  Human  PNG  62 
65  H54   Human   Australia  63 
66  Edman   Human   Australia  64 
67  IMR 81  Human  PNG  65 
68  IMR 48  Human  PNG  66 
69  IMR 49  Human  PNG  67 
70  WesB   Human   Australia  68 
71  Wandalup G   Pig   Australia  69 
72  3295.90B   Pig   Australia  70 
73  COF10   Pig   Australia  71 
74  Q98.0033.72   Chicken  Australia  72 
75  Q98.0072.08   Chicken  Australia  73 
76  Q98.0228.5.2  Chicken  Australia  73 
77  Windridge Grower 6   Pig   Australia  74 
78  42167  Chicken  USA  75 
79  UNL-3   Pig  USA  76 
80  P43/6/78T  Pig  UK  77 
81  GP 32  Pig  PNG  78 
82  GP 49  Pig  PNG  79 
83  GP 35  Pig  PNG  80 
84  GP 44  Pig  PNG  81 
85  95/1000   Pig  Australia/WA  82 
86  H60-2   Human   Australia  83 
87  UNL-5   Pig  USA  84 
88  Q97.000.6.8   Chicken  Australia  85 
89  Q97.000.6.4   Chicken  Australia  86 Appendix A 
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No.  Name  Species  Location  STs  
90  Q97.000.6.2   Chicken  Australia  86 
91  Q97.000.6.7   Chicken  Australia  87 
92  V1 H 120  Human  PNG  88 
93  AN4170/01  Pig  Sweden  89 
94  89/1069   Pig   Canada  90 
95  Margaret   Human   Australia  91 
96  GP 5  Pig  PNG  92 
97  GP 3  Pig  PNG  93 
98  AN991/02  Pig  Sweden  94 
99  Windridge W25   Pig  Australia  95 
100  Q1588.5   Pig   Australia  96 
101  ARD 127   Pig  UK  97 
102  Sonny    Human   Australia  98 
103  HRM 4B   Human   Italy  99 
104  Richelle    Human   Australia  100 
105  Naomi   Human   Australia  101 
106  Willowgrove 7   Pig  Australia  102 
107  Willowgrove IA8   Pig  Australia  103 
108  Q97.2110.4.1   Chicken  Australia  104 
109  Q97.000.6.22   Chicken  Australia  105 
110  Wandalup 015/C138   Pig  Australia  106 
111  88-3769  Pig  Canada  107 
112  AN76/92  Pig  Sweden  108 
113  KeltonP5   Pig   Australia  109 
114  KeltonP1   Pig   Australia  110 
115  9803  Pig   Australia  111 
116  AN497/93  Pig  Sweden  112 
117  B1555A   Pig  USA  113 
118  Q98.0072.31   Chicken  Australia  114 
119  IMR 39  Human  PNG  115 
120  C62  Pig  Sweden  116 
121  89-2005B   Pig  Canada  117 
122  89-2005A   Pig  Canada  118 
123  D17   Dog  Australia  119 
124  Jeramiah    Human   Australia  120 
125  Gap 51.2   Human   Australia  121 
126  Karlos   Human   Australia  122 
127  Marsia    Human   Australia  123 
128  89-223A   Pig  Canada  124 
129  PWS/B   Pig  UK  125 
130  Meyers K9-12   Dog  USA  126 
131  16242-94   Dog  USA  127 
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Table A2. Table showing the allelic number assigned to the different loci of the 131 
isolates. One strain of B. hyodysenteriae (WA1) and one strain of B. intermedia 
(WestB) were also included in the table. 
 
Name  STs  ADH  ALP  EST  GDH  GLP  PGM  THI 
24072-93A  1  1  1  1  1  1  1  1 
28/94  2  2  2  2  2  2  2  2 
Tomara  3  3  3  3  3  3  3  3 
Quentin F1  4  4  3  4  3  3  4  3 
Q98.0028.3  5  5  4  5  4  3  5  4 
V1 H11  6  6  5  6  5  3  6  5 
V1 H141  7  7  6  6  6  4  7  5 
AN652/02  8  5  33  34  25  29  42  31 
AN984/03  9  5  34  35  26  31  43  32 
AN1085/02  9  5  34  35  26  30  43  32 
AN2448/02  10  5  32  33  24  28  41  30 
L72  11  5  35  36  27  31  44  33 
Q97.000.6.10  12  5  36  37  27  32  45  34 
Q98.0072.37  13  5  37  38  27  18  46  35 
Q98.0026.12  14  5  37  12  27  18  47  35 
Q98.0062.14  15  5  37  39  27  18  15  35 
Q98.0027.36  16  5  37  39  27  18  48  35 
Q97.2224.3.1  17  5  38  40  27  18  49  36 
Q98.0026.11  18  5  39  12  27  33  50  37 
Q96.1037.0  19  5  40  30  28  34  46  38 
Q98.0228.5.7  20  5  41  41  28  35  51  39 
Wandalup F  21  5  49  48  34  43  59  24 
Q97.3008.4.2  22  5  42  42  29  36  52  40 
Q98.000.6.1  23  5  43  42  30  37  53  41 
OF 2  24  5  44  43  30  5  54  42 
C162  25  5  45  44  31  38  55  16 
AN953/02  26  16  45  44  31  39  55  99 
D9201243  27  5  46  45  31  40  56  43 
AN738/02  28  5  47  46  32  41  57  99 
Q94.0354.0.6  29  41  80  42  57  71  102  81 
HRM 2B  30  9  53  7  38  45  63  47 
HRM 2A  31  9  53  7  38  45  64  47 
Q95.3281.0  32  20  54  51  38  46  65  48 
OF15  33  9  56  54  16  44  68  50 
H43-2  34  9  56  55  16  44  69  51 
OF 11  35  9  56  56  16  48  70  52 
2152  36  9  57  49  16  40  71  53 
Joyceline  37  9  58  57  40  44  72  42 
H21  38  9  58  58  40  49  73  54 
H4-2  39  8  7  6  7  5  8  5 
H38-2  40  8  7  7  7  5  9  5 
Barney  41  8  8  8  7  6  10  6 Appendix A 
132 
 
Name  STs  ADH  ALP  EST  GDH  GLP  PGM  THI 
V1 H 12  42  9  9  9  7  7  11  7 
V1 H 116  43  9  3  9  7  7  12  8 
V1 H 103  44  9  3  10  7  7  13  7 
NZ 91/31349  45  17  50  49  35  44  60  44 
Apr-52  46  18  51  49  36  45  61  45 
BR81/80  47  19  52  50  37  45  62  46 
Gap418  48  10  10  11  8  5  14  9 
HRM7  49  25  62  62  12  3  78  58 
HRM7A  50  25  62  63  12  54  79  59 
GP 24  51  27  58  65  12  56  80  60 
GP 17  52  27  58  64  12  56  80  60 
GP 36  52  27  58  64  12  56  80  60 
GP 20  53  27  58  66  12  57  81  60 
GP 42  54  28  62  67  43  58  82  61 
GP6  55  28  62  68  43  58  82  61 
GP 28  56  28  62  69  43  58  83  61 
GP 14  57  29  62  70  43  58  82  62 
V1 H 106  58  30  63  71  44  59  84  63 
V1 D 1  59  4  3  72  44  59  85  63 
V1 H 126  60  27  64  73  45  59  86  63 
IMR 2  61  31  65  74  46  60  87  64 
V1 H 117  62  4  66  75  15  55  87  65 
H54  63  32  67  76  15  61  88  6 
Edman  64  32  68  77  47  62  89  66 
IMR 81  65  33  69  78  48  63  90  67 
IMR 48  66  4  70  79  49  63  91  62 
IMR 49  67  4  70  80  49  63  92  68 
WesB  68  5  71  39  34  64  93  69 
Wandalup G  69  5  71  39  34  64  93  70 
3295.90B  70  5  71  39  34  64  93  71 
COF10  71  5  71  39  34  64  94  72 
Q98.0033.72  72  5  71  39  34  64  95  72 
Q98.0072.08  73  5  71  39  34  65  93  72 
Q98.0228.5.2  73  5  71  39  34  65  93  72 
Windridge Grower 6  74  34  71  39  50  54  96  73 
42167  75  35  72  39  51  65  97  74 
UNL-3  76  36  73  81  52  66  98  75 
P43/6/78T  77  37  74  39  52  67  99  76 
GP 32  78  38  75  82  53  68  100  77 
GP 49  79  39  76  83  53  68  80  77 
GP 35  80  34  77  84  53  68  101  77 
GP 44  81  34  77  85  54  68  80  78 
95/1000  82  40  78  86  55  69  93  79 
H60-2  83  40  79  87  56  70  26  80 
UNL-5  84  44  84  90  60  38  106  84 
Q97.000.6.8  85  3  11  12  9  8  16  10 Appendix A 
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Name  STs  ADH  ALP  EST  GDH  GLP  PGM  THI 
Q97.000.6.4  86  3  11  12  9  8  15  10 
Q97.000.6.2  86  3  11  12  9  8  15  10 
Q97.000.6.7  87  3  12  12  9  8  17  10 
V1 H 120  88  3  13  13  9  9  18  11 
AN4170/01  89  3  14  14  10  10  19  12 
89/1069  90  3  15  15  11  11  20  13 
Margaret  91  3  16  16  11  12  14  14 
GP 5  92  3  17  17  12  13  21  15 
GP 3  93  3  18  18  13  13  22  16 
AN991/02  94  3  19  19  14  14  23  99 
Windridge W25  95  3  48  47  33  42  58  24 
Q1588.5  96  3  20  20  15  15  24  17 
ARD 127  97  3  21  21  15  16  25  18 
Sonny  98  3  22  22  16  17  26  19 
HRM 4B  99  3  23  23  16  17  27  19 
Richelle  100  4  8  3  16  17  28  19 
Naomi  101  3  8  3  16  17  29  19 
Willowgrove 7  102  11  24  24  17  18  30  20 
Willowgrove IA8  103  3  24  25  18  19  31  21 
Q97.2110.4.1  104  12  25  26  19  20  32  22 
Q97.000.6.22  105  3  25  26  20  21  33  23 
Wandalup 015/C138  106  13  26  27  21  22  34  24 
88-3769  107  14  27  28  21  23  35  25 
AN76/92  108  3  28  29  21  24  36  26 
KeltonP5  109  15  29  30  22  25  37  27 
KeltonP1  110  15  29  30  22  26  38  27 
9803  111  15  30  31  23  19  39  28 
AN497/93  112  15  31  32  21  27  40  29 
B1555A  113  21  55  52  39  6  66  47 
Q98.0072.31  114  22  55  53  19  47  67  49 
IMR 39  115  43  82  88  59  73  104  82 
C62  116  43  83  89  22  74  105  83 
89-2005B  117  45  85  91  61  75  107  85 
89-2005A  118  47  86  92  61  23  108  86 
D17  119  24  60  60  16  52  76  56 
Jeramiah  120  24  61  61  42  53  77  57 
Gap 51.2  121  23  59  59  41  50  74  55 
Karlos  122  26  56  59  16  51  75  55 
Marsia  123  42  81  54  58  72  103  38 
89-223A  124  46  87  93  62  76  109  87 
PWS/B  125  48  88  94  62  16  110  88 
Meyers K9-12  126  49  89  95  63  77  111  89 
16242-94  127  50  90  95  64  78  112  90 
WA1 (B. hyo)  -  51  91  96  65  58  113  91 
WestB (B. int)  -  52  92  97  66  63  114  92 
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Table A3. Table of alleles after conversion to amino acids 
 
Name  AAT  AD
 
ALP  EST  GD
 
GLP  PG
 
THI 
Wandalup G   1  1  2  1  1  2  1  3 
WesB   1  1  2  1  1  2  1  3 
3295.90B   1  1  2  1  1  2  1  3 
Q98.0072.08   1  1  2  1  1  2  1  3 
Q98.0228.5.2  1  1  2  1  1  2  1  3 
Q98.0033.72   2  1  2  1  1  2  30  3 
COF10   3  1  2  1  1  2  56  3 
Windridge Grower 6   4  1  2  1  1  2  57  53 
Jeramiah    5  1  2  1  1  7  1  29 
Q97.000.6.4   6  1  2  1  1  7  12  28 
Q97.000.6.2   6  1  2  1  1  7  12  28 
Q97.000.6.8   7  1  2  1  1  7  27  28 
HRM7A   8  1  2  2  1  2  2  2 
HRM7   9  1  2  9  1  7  8  8 
HRM 4B   10  1  2  24  1  7  32  19 
AN497/93  11  1  2  49  1  7  60  56 
GP 32  12  1  2  49  1  28  65  58 
GP 35  13  1  2  49  1  28  67  58 
AN991/02  14  1  2  49  16  7  60  99 
GP 42  15  1  2  53  1  37  60  62 
GP 14  16  1  2  54  1  37  60  63 
GP 28  17  1  2  60  1  37  62  62 
GP 44  18  1  2  62  1  28  60  65 
GP6  19  1  2  64  1  37  60  62 
95/1000   20  1  3  3  2  3  1  3 
OF15   21  1  4  1  1  7  53  22 
OF 11   22  1  4  4  1  4  3  4 
H43-2   23  1  4  25  1  7  33  22 
Joyceline    24  1  4  26  7  7  31  3 
H21   25  1  4  46  7  33  59  3 
GP 17  26  1  4  56  1  7  60  62 
GP 36  26  1  4  56  1  7  60  62 
GP 24  27  1  4  58  1  38  60  62 
GP 20  28  1  4  59  1  7  60  62 
Windridge W25   29  1  6  6  3  6  5  5 
Willowgrove 7   30  1  7  7  4  2  6  6 
Willowgrove IA8   31  1  7  8  1  7  7  7 
Q95.3281.0   32  1  8  10  1  8  9  9 
H60-2   33  1  9  11  5  9  10  10 
Q98.0062.14   34  1  10  1  1  2  12  3 
Q98.0026.12   35  1  10  1  1  2  28  3 
Q98.0027.36   36  1  10  1  1  2  31  3 
L72   37  1  10  12  1  10  11  11 Appendix A 
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Name  AAT  AD
 
ALP  EST  GD
 
GLP  PG
 
THI 
Q96.1037.0   38  1  10  14  1  28  54  16 
Q98.0072.37   39  1  10  44  1  2  54  3 
AN984/03  40  1  10  49  1  2  60  58 
AN1085/02  40  1  10  49  1  2  60  58 
AN652/02  41  1  10  50  1  2  60  57 
Wandalup F   42  1  11  6  1  2  12  5 
Q98.0026.11   43  1  13  1  1  2  14  13 
Q98.000.6.1   44  1  14  14  5  12  15  14 
Q97.000.6.10   45  1  15  15  1  13  1  15 
H54   46  1  17  13  1  15  1  17 
Naomi   47  1  18  27  1  7  36  19 
Richelle    48  1  18  27  1  7  38  19 
42167  49  1  18  38  11  30  48  44 
Edman   50  1  19  17  5  17  18  18 
Sonny    51  1  20  18  1  7  1  19 
Q98.0228.5.7   52  1  21  19  1  18  19  20 
Q97.2224.3.1   53  1  22  20  1  2  1  21 
V1 H11   54  1  25  1  6  7  22  3 
OF 2  55  1  26  22  5  7  23  3 
Q97.000.6.22   56  1  28  23  5  21  24  24 
D17   57  1  29  17  1  8  1  26 
Q97.3008.4.2   58  1  30  14  5  8  1  23 
Q98.0028.3   59  1  31  14  1  7  26  27 
Q97.000.6.7   60  1  32  1  1  7  29  28 
HRM 2A   61  1  34  18  1  7  1  28 
HRM 2B   62  1  34  18  1  7  34  28 
Quentin F1   63  1  35  18  1  7  35  30 
Tomara    64  1  35  27  1  7  37  30 
V1 H 116  65  1  35  49  1  7  64  64 
V1 H 117  66  1  35  60  1  7  69  68 
V1 D 1  67  1  35  61  1  7  63  62 
IMR 39  68  1  35  66  1  7  60  67 
V1 H 103  69  1  35  66  1  7  70  64 
Margaret   70  1  38  42  1  28  1  50 
AN76/92  71  1  38  48  1  28  60  55 
C162  72  1  38  49  1  8  60  61 
D9201243   73  1  39  30  1  7  1  34 
ARD 127   74  1  40  29  1  8  41  35 
16242-94   75  1  42  31  8  25  43  37 
UNL-5   76  1  45  34  1  8  46  40 
Apr-52  77  1  50  41  1  7  50  47 
2152  78  1  52  41  1  7  52  49 
KeltonP1   79  1  53  14  1  2  1  3 
KeltonP5   79  1  53  14  1  2  1  3 
9803  80  1  54  43  1  7  1  51 
89/1069   81  1  56  45  1  28  56  54 Appendix A 
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Name  AAT  AD
 
ALP  EST  GD
 
GLP  PG
 
THI 
Q1588.5   82  1  57  47  1  34  60  28 
C62  83  1  58  49  1  2  60  60 
AN4170/01  84  1  58  49  1  36  60  58 
AN738/02  85  1  58  51  1  7  60  99 
AN2448/02  86  1  59  52  1  2  61  59 
IMR 48  87  1  60  55  1  7  60  63 
IMR 49  88  1  60  69  1  7  71  69 
V1 H 126  89  1  61  57  1  7  60  62 
GP 3  90  1  62  48  1  2  66  61 
GP 5  91  1  63  63  1  2  68  66 
V1 H 106  92  1  64  57  1  7  60  62 
IMR 2  93  1  65  65  17  39  69  62 
V1 H 120  94  1  66  67  1  8  60  62 
GP 49  95  1  67  68  1  28  60  58 
V1 H 12  96  1  69  49  1  7  72  64 
Wandalup 015/C138   97  2  5  5  1  5  4  5 
Q98.0072.31   98  3  12  13  1  11  13  12 
Marsia    99  4  16  1  1  14  16  16 
V1 H141   100  4  24  1  1  19  21  3 
Barney   101  5  18  16  1  16  17  17 
H4-2   102  5  33  1  1  7  31  3 
H38-2   103  5  33  18  1  7  1  3 
Gap 51.2   104  6  23  21  1  7  20  22 
Q94.0354.0.6   105  7  27  14  5  20  1  23 
Q97.2110.4.1   106  8  28  23  1  22  25  25 
P43/6/78T  107  9  36  1  1  23  1  31 
89-2005A   108  10  37  28  1  24  39  32 
88-3769  109  11  38  29  1  24  40  33 
PWS/B   110  12  41  1  1  8  42  36 
B1555A   111  13  12  32  9  16  44  28 
Meyers K9-12   112  14  43  31  8  26  45  38 
24072-93A  113  15  44  33  10  27  1  39 
UNL-3   114  16  46  35  1  28  47  41 
89-2005B   115  17  47  36  1  29  1  42 
89-223A   116  18  48  37  1  7  1  43 
BR81/80   117  19  49  39  12  7  1  45 
28/94   118  20  4  40  13  31  49  46 
NZ 91/31349  119  21  51  41  14  7  51  48 
Gap418   120  22  54  27  1  7  1  3 
Karlos   121  24  4  21  1  33  58  22 
AN953/02  122  25  38  49  1  35  60  99 
IMR 81  123  26  68  61  1  7  60  70 
WA1 (B. hyo)  -  23  55  45  15  32  73  54 
WestB (B. int)  -  23  80  70  18  40  74  71 
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Table A4. Tables showing the results of the Shimodaira-Hasegawa (SH) test for the 
test loci. 
 
Shimodaira-Hasegawa test for adh 
Tree  Steps 
Diff 
Steps 
P 
Value 
Significantly 
Worse? 
adh  237.0  <------ best 
alp  375.0  138.0  0.000  Yes 
est  465.0  228.0  0.000  Yes 
gdh  419.0  182.0  0.000  Yes 
glp  394.0  157.0  0.000  Yes 
pgm  415.0  178.0  0.000  Yes 
thi  425.0  188.0  0.000  Yes 
 
Shimodaira-Hasegawa test for alp 
Tree  Steps 
Diff 
Steps 
P 
Value 
Significantly 
Worse? 
adh  1623.0  706.0  0.000  Yes 
alp  917.0  <------ best 
est  1656.0  739.0  0.000  Yes 
gdh  1487.0  570.0  0.000  Yes 
glp  1509.0  592.0  0.000  Yes 
pgm  1542.0  625.0  0.000  Yes 
thi  1556.0  639.0  0.000  Yes 
 
Shimodaira-Hasegawa test for est 
Tree  Steps 
Diff 
Steps 
P 
Value  Significantly Worse? 
adh  6403.0  4708.0  0.000  Yes 
alp  5659.0  3964.0  0.000  Yes 
est  1695.0  <------ best 
gdh  6374.0  4679.0  0.000  Yes 
glp  5958.0  4263.0  0.000  Yes 
pgm  6206.0  4511.0  0.000  Yes 
thi  5845.0  4150.0  0.000  Yes 
 
Shimodaira-Hasegawa test for gdh 
Tree  Steps 
Diff 
Steps 
P 
Value  Significantly Worse? 
adh  478.0  253.0  0.000  Yes 
alp  407.0  182.0  0.000  Yes 
est  566.0  341.0  0.000  Yes 
gdh  225.0  <------ best 
glp  418.0  193.0  0.000  Yes 
pgm  418.0  193.0  0.000  Yes 
thi  489.0  264.0  0.000  Yes 
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Shimodaira-Hasegawa test for glp 
Tree  Steps 
Diff 
Steps 
P 
Value  Significantly Worse? 
adh  1227.0  698.0  0.000  Yes 
alp  1038.0  509.0  0.000  Yes 
est  1224.0  695.0  0.000  Yes 
gdh  1147.0  618.0  0.000  Yes 
glp  529.0  <------ best 
pgm  1139.0  610.0  0.000  Yes 
thi  1104.0  575.0  0.000  Yes 
 
Shimodaira-Hasegawa test for pgm 
Tree  Steps 
Diff 
Steps 
P 
Value  Significantly Worse? 
adh  1866.0  890.0  0.000  Yes 
alp  1719.0  743.0  0.000  Yes 
est  1859.0  883.0  0.000  Yes 
gdh  1715.0  739.0  0.000  Yes 
glp  1806.0  830.0  0.000  Yes 
pgm  976.0  <------ best 
thi  1758.0  782.0  0.000  Yes 
 
Shimodaira-Hasegawa test for thi 
Tree  Steps 
Diff 
Steps 
P 
Value  Significantly Worse? 
adh  7079.0  3765.0  0.000  Yes 
alp  6737.0  3423.0  0.000  Yes 
est  6507.0  3193.0  0.000  Yes 
gdh  7106.0  3792.0  0.000  Yes 
glp  6726.0  3412.0  0.000  Yes 
pgm  6775.0  3461.0  0.000  Yes 
thi  3314.0  <------ best 
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Table A5.  Table showing the results of MLVA. A number is assigned to each 
different allele. 
 
ST  Strain ID  bp4  bp9  bp8  bp14  bp16  VT 
48  Gap418  1  2  -  2  -  1 
107  88-3769  1  -  -  3  4  2 
81  GP 44  2  2  -  3  -  3 
84  UNL-5  2  3  4  4  1  4 
57  GP 14  2  3  -  3  2  5 
43  V1 H 116  2  3  -  4  2  6 
59  V1 D 1  2  3  -  4  -  7 
88  V1 H 120  2  5  -  2  -  8 
78  GP 32  2  6  -  2  2  9 
67  IMR 49  2  6  -  -  5  10 
65  IMR 81  2  7  -  3  4  11 
44  V1 H 103  2  7  -  -  -  12 
117  89-2005B  2  -  4  3  1  13 
66  IMR 48  2  -  -  4  3  14 
14  Q98.0026.12  2  -  -  -  -  15 
119  D17  3  3  -  -  3  16 
54  GP 42  3  -  -  3  4  17 
16  Q98.0027.36  3  -  -  -  -  18 
83  H60-2  4  3  1  3  -  19 
42  V1 H 12  5  3  -  3  5  20 
111  9803.1  5  -  4  3  1  21 
4  Quentin F1  6  2  -  3  3  22 
3  Tomara Hood NF  6  3  -  3  4  23 
101  Naomi  6  4  -  3  3  24 
120  Jeramiah Jubadah  6  5  -  3  2  25 
30  HRM 2B  6  5  -  3  -  26 
99  HRM 4B  6  5  -  3  -  26 
100  Richelle Vambee  6  5  -  3  -  26 
125  PWS/B  6  5  -  3  -  26 
49  HRM7  6  5  -  4  4  27 
63  H54  6  6  4  3  -  28 
77  P43/6  6  7  2  2  3  29 
74  Windridge grower 6  6  7  3  3  1  30 
18  Q98.0026.11  6  7  4  3  1  31 
5  Q98.0028.3  6  7  4  3  2  32 
96  Q1588.5  6  7  4  3  2  32 
24  OF 2  6  7  4  3  3  33 Appendix A 
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69  Wandalup G  6  7  4  3  5  34 
71  Cof 10  6  7  4  3  5  34 
79  GP 49  6  7  -  2  3  35 
91  Margaret  6  7  -  3  2  36 
22  Q97.3008.4.2  6  7  -  3  3  37 
27  D9201243  6  7  -  3  3  37 
12  Q97.000.6.10  6  7  -  3  4  38 
35  OF 11  6  7  -  4  1  39 
90  89/1069  6  7  -  4  3  40 
109  Kelton P5  6  8  2  3  2  41 
70  3295.90B  6  8  4  3  1  42 
86  Q97.000.6.4  6  8  4  3  -  43 
87  Q97.000.6.7  6  8  4  3  -  43 
106  Wandalup 015/C138  6  8  -  3  1  44 
19  Q96.1037.0  6  8  -  3  3  45 
95  Windridge W25  6  9  3  3  3  46 
15  Q98.0062.14  6  9  4  3  1  47 
85  Q97.000.6.8  6  9  4  3  1  48 
11  L72  6  -  3  1  1  49 
103  Willowgrove IA8  6  -  5  3  3  50 
102  Willowgrove 7  6  -  -  -  3  51 
31  HRM 2A  7  4  -  3  -  52 
93  GP 3  7  7  3  2  2  53 
68  WesB  7  7  3  3  5  54 
73  Q98.0072.08  7  7  3  3  5  54 
72  Q98.0033.72  7  7  5  2  5  55 
23  Q98.000.6.1  7  7  -  -  4  56 
80  GP 35  7  -  3  3  1  57 
21  Wandalup F  7  -  4  3  -  58 
29  Q94.0354.0.6  8  3  -  4  -  59 
118  89-2005A  8  5  3  3  4  60 
38  H21  8  5  5  4  -  61 
50  HRM7A  8  5  -  4  4  62 
37  Joyceline F2  8  6  -  2  -  63 
98  Sonny Cyodor  8  6  -  2  -  63 
41  Barney  8  6  -  3  -  64 
6  V1 H11  8  6  -  -  3  65 
122  Karlos  8  7  -  3  5  66 
34  H43-2  8  7  -  3  -  67 
33  OF15  8  8  5  2  -  68 
13  Q98.0072.37  8  9  3  4  1  69 Appendix A 
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55  GP6  -  1  -  3  -  70 
58  V1 H 106  -  1  -  3  -  70 
52  GP 36  -  3  3  4  2  71 
56  GP 28  -  3  4  4  -  72 
61  IMR 2  -  3  -  2  4  73 
20  Q98.0228.5.7  -  3  -  2  -  74 
123  Marsia Cooke F1  -  3  -  3  -  75 
53  GP 20  -  3  -  4  -  76 
115  IMR 39  -  3  -  -  4  77 
47  BR81/80  -  5  -  3  1  78 
40  H38-2  -  5  -  3  -  79 
60  V1 H 126  -  5  -  4  2  80 
52  GP 17  -  5  -  4  4  81 
127  16242-94  -  5  -  -  5  82 
39  H4-2  -  6  -  3  -  83 
64  Edman Malo  -  6  -  3  -  83 
121  Gap 51.2  -  6  -  3  -  83 
7  V1 H141  -  6  -  -  -  84 
32  Q95.3281.0  -  7  3  3  1  85 
92  GP 5  -  7  -  3  1  86 
45  NZ 91/31349  -  7  -  3  4  87 
62  V1 H 117  -  7  -  3  -  88 
82  95/1000  -  7  -  3  -  88 
51  GP 24  -  7  -  4  2  89 
110  Kelton P1  -  8  2  3  2  90 
86  Q97.000.6.2  -  8  3  3  -  91 
17  Q97.2224.3.1  -  8  -  -  1  92 
97  ARD 127  -  -  3  3  5  93 
126  MEYERS K-9 12  -  -  4  3  1  94 
73  Q98.0228.5.2  -  -  5  -  -  95 
1  24072-93A  -  -  -  3  1  96 
2  28/94  -  -  -  3  3  97 
46  04-2152  -  -  -  3  3  97 
124  89-223A  -  -  -  3  4  98 
104  Q97.2110.4.1  -  -  -  3  5  99 
105  Q97.000.6.22  -  -  -  3  5  99 
113  B1555A  -  -  -  3  -  100 
75  42167  -  -  -  4  1  101 
36  2152  -  -  -  -  4  102 
76  UNL-3  -  -  -  -  -  - 
114  Q98.0072.31  -  -  -  -  -  - Appendix A 
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Table A6. Sequence of the alternate primers designed for use in the VNTR method 
Primer  Primer Designation  Primer Sequence (5’ → 3’) 
BPilo_1alt 
BPilo_1_F  GGATTTTTATTAGCCTTATTTTTAGGT 
BPilo_1_R  AAACAAGGGGCATTATTTATCCTT 
BPilo_2alt 
BPilo_2_F  GAAGAACAAACAAAACAATCAGAAAA 
BPilo_2_R  CGCTTTATTAAAATATTCTTCATCTTT 
BPilo_3alt 
BPilo_3_F  TGCCAAAACTAAACTTGGACTTT 
BPilo_3_R  CGTTTTACATTTTCTCTGGCACA 
BPilo_5alt 
BPilo_5_F  TCAAGTTCTTCATCATCGCCTA 
BPilo_5_R  AAAACCGATGAAATTTTAACACAAAA 
BPilo_6alt 
BPilo_6_F  TTCGTCTGCATCTTGAGTTTTT 
BPilo_6_R  TGACAATTTAGCAGATAATTTACCAGA 
BPilo_7alt 
BPilo_7_F  TGATATTAAGTTAGAAGAAAACAGCAA 
BPilo_7_R  TTTGTTTTTGATAATATTTCGCTATGA 
BPilo_10alt 
BPilo_10_F  AAAACTTATCCTCAGGCTGCT 
BPilo_10_R  TTAAGCCTCTTCTACAATAATAAGGAA 
BPilo_11alt 
BPilo_11_F  ATTGGTTCGTTTTCCCATAATTC 
BPilo_11_R  TGCAATAGAAAACTTAAATAAGGCAAT 
BPilo_12alt 
BPilo_12_F  TGTTTCCTAAATTTGCTTTAGCAGT 
BPilo_12_R  CACAAACCAAAAACGAGCAA 
BPilo_13alt 
BPilo_13_F  CCAAGTCATCAGGCAATCCT 
BPilo_13_R  TGGCGAATTCTACACCAAAT 
BPilo_15alt 
BPilo_15_F  GGTCAGGGTTTTGTTTGCTC 
BPilo_15_R  TGGCAGAGGTTATGGTATGG 
BPilo_17alt 
BPilo_17_F  GAAGAACAAACAAAACAATCAGAAAA 
BPilo_17_R  AAAATTCCTCTGTTATTTAAAGCATAA 
BPilo_18alt 
BPilo_18_F  AACCCTAATATGGCAGATGCTT 
BPilo_18_R  TCTCTGGCACATTCATTGCT 
BPilo_19alt 
BPilo_19_F  GGTCAGGGTTTTGTTTGCTC 
BPilo_19_R  TGGTGCAGGATATGGTAGAGG 
BPilo_20alt 
BPilo_20_F  TGCTTGGGGTTTTTATATGG 
BPilo_20_R  CTTCGTCGTCAAAATCGTCA 
BPilo_21alt 
BPilo_21_F  TCAACAATGCTTTACAATCTGCT 
BPilo_21_R  TATCGCTTGCAGTTTGAGGA 
BPilo_22alt 
BPilo_22_F  GAAAACAAATTGTCAGTATTTGATGA 
BPilo_22_R  CAGCATAATCATTTAATTTGCTCTCT 
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Table A7.  Nucleotide sequence of amplicon produced by the primers targeting the 
blaOXA-63 gene. 
 
Bp-oxa-US/DS 
ATGTCTAAAAAAAATTTTATATTAATATTTATTTTTGTTATTTTAATATCT
TGTAAAAATACAGAAAAAATATCAAATGAAACTACATTAATAGATAATA
TATTTACTAATAGCAATGCTGAAGGAACATTAGTTATATATAATTTAAAT
GATGATAAATATATAATTCATAATAAAGAAAGAGCTGAACAAAGATTTT
ATCCAGCATCAACATTTAAAATATATAATAGTTTAATAGGCTTAAATGAA
AAAGCAGTTAAAGATGTAGATGAAGTATTTTATAAATATAATGGCGAAA
AAGTTTTTCTTGAATCTTGGGCTAAGGACTCTAATTTAAGATATGCAATT
AAAAATTCGCAAGTACCGGCATATAAAGAATTAGCAAGAAGAATAGGTC
TTAAAAAGATGAAAGAGAATATAGAAAAACTAGATTTTGGTAATAAAAG
TATAGGTGATAGTGTAGATACTTTTTGGCTTGAAGGACCTTTGGAAATAA
GTGCGATGGAGCAAGTTAAATTATTAACTAAATTAGCTCAAAATGAATT
ACCGTATCCTATAGAAATACAAAAAGCTGTTTCTGATATTACTATACTAG
AGCAAACTTACAATTATACGCTTCATGGAAAAACTGGATTAGCTGATTCT
AAAAACATGACAACTGAGCCTATTGGTTGGTTCGTAGGCTGGCTTGAAG
AAAATGATAATATATATGTCTTTGCTTTAAATATTGATAATATCAATTCA
GATGACCTTGCAAAAAGGATAAATATAGTAAAAGAAAGTTTAAAAGCAT
TAAATTTATTAAAA 
 
Bp-lac1-F192/R634 
AAGATTTTATCCAGCATCAACATTTAAAATATATAATAGTTTAATAGGCT
TAAATGAAAAAGCAGTTAAAGATGTAGATGAAGTATTTTATAAATATAA
TGGCGAAAAAGTTTTTCTTGAATCTTGGGCTAAGGACTCTAATTTAAGAT
ATGCAATTAAAAATTCGCAAGTACCGGCATATAAAGAATTAGCAAGAAG
AATAGGTCTTAAAAAGATGAAAGAGAATATAGAAAAACTAGATTTTGGT
AATAAAAGTATAGGTGATAGTGTAGATACTTTTTGGCTTGAAGGACCTTT
GGAAATAAGTGCGATGGAGCAAGTTAAATTATTAACTAAATTAGCTCAA
AATGAATTACCGTATCCTATAGAAATACAAAAAGCTGTTTCTGATATTAC
TATACTAGAGCAAACTTACAATTATACGCTTCATGGAAAAACTGGAT 
 
Bp-oxa-F484/R692 
CCTTTGGAAATAAGTGCGATGGAGCAAGTTAAATTATTAACTAAATTAGC
TCAAAATGAATTACCGTATCCTATAGAAATACAAAAAGCTGTTTCTGATA
TTACTATACTAGAGCAAACTTACAATTATACGCTTCATGGAAAAACTGGA
TTAGCTGATTCTAAAAACATGACAACTGAGCCTATTGGTTGGTTCGTAGG
CTGGCTTGA 
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Table A8. Table showing the results of the PCR using the different primers. 
 
ST  Name  Species  Location  Oxa-UD  Lac1  Oxa-FR 
1  24072-93A  Dog  USA  Y  Y  N 
2  28/94   Human   France  N  N  Y 
3  Tomara    Human   Australia  N  N  Y 
4  Quentin F1   Human   Australia  Y  Y  Y 
5  Q98.0028.3   Chicken  Australia  Y  N  N 
6  V1 H11   Human   PNG  N  N  N 
7  V1 H141   Human   PNG  N  N  N 
11  L72   Pig  Australia  N  Y  Y 
12  Q97.000.6.10   Chicken  Australia  N  N  Y 
13  Q98.0072.37   Chicken  Australia  Y  N  Y 
14  Q98.0026.12   Chicken  Australia  N  Y  Y 
15  Q98.0062.14   Chicken  Australia  Y  N  Y 
16  Q98.0027.36   Chicken  Australia  N  Y  Y 
17  Q97.2224.3.1   Chicken  Australia  N  Y  Y 
18  Q98.0026.11   Chicken  Australia  Y  Y  Y 
19  Q96.1037.0   Chicken  Australia  Y  N  N 
20  Q98.0228.5.7   Chicken  Australia  N  N  N 
21  Wandalup F   Pig  Australia  Y  Y  Y 
22  Q97.3008.4.2   Chicken  Australia  N  Y  Y 
23  Q98.000.6.1   Chicken  Australia  N  Y  Y 
24  OF 2  Pig  Australia  N  Y  Y 
27  D9201243   Pig  USA  Y  Y  N 
29  Q94.0354.0.6   Chicken  Australia  Y  N  N 
30  HRM 2B   Human   Italy  N  N  Y 
31  HRM 2A   Human   Italy  Y  Y  Y 
32  Q95.3281.0   Pig  Australia  Y  N  Y 
33  OF15   Pig   Australia  Y  Y  Y 
34  H43-2   Human   Australia  N  N  Y 
35  OF 11   Pig  Australia  N  Y  Y 
36  2152  Horse  Australia  Y  N  N 
37  Joyceline    Human   Australia  N  Y  Y 
38  H21   Human   Australia  Y  Y  Y 
39  H4-2   Human   Australia  N  N  N 
40  H38-2   Human   Australia  N  Y  Y 
41  Barney   Human   Australia  N  Y  Y 
42  V1 H 12  Human  PNG  N  N  N 
43  V1 H 116  Human  PNG  N  N  N 
44  V1 H 103  Human  PNG  Y  N  Y Appendix A 
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45  NZ 91/31349  Pig   NZ  N  N  Y 
46  Apr-52  Horse  Australia  Y  N  N 
47  BR81/80   Human   France  N  Y  Y 
49  HRM7   Human   Italy  Y  N  N 
50  HRM7A   Human   Italy  Y  Y  Y 
51  GP 24  Pig  PNG  N  N  Y 
52  GP 17  Pig  PNG  N  N  Y 
52  GP 36  Pig  PNG  N  N  Y 
53  GP 20  Pig  PNG  N  Y  Y 
54  GP 42  Pig  PNG  N  N  N 
55  GP6  Pig  PNG  Y  Y  N 
56  GP 28  Pig  PNG  N  Y  Y 
57  GP 14  Pig  PNG  Y  Y  Y 
58  V1 H 106  Human  PNG  N  Y  Y 
59  V1 D 1  Dog  PNG  Y  Y  Y 
60  V1 H 126  Human  PNG  N  N  Y 
61  IMR 2  Human  PNG  N  Y  Y 
62  V1 H 117  Human  PNG  Y  N  Y 
63  H54   Human   Australia  N  Y  Y 
64  Edman   Human   Australia  N  Y  Y 
65  IMR 81  Human  PNG  N  N  N 
66  IMR 48  Human  PNG  N  N  N 
67  IMR 49  Human  PNG  Y  Y  Y 
68  WesB   Human   Australia  N  Y  Y 
69  Wandalup G   Pig   Australia  N  Y  Y 
70  3295.90B   Pig   Australia  N  Y  Y 
71  COF10   Pig   Australia  N  Y  Y 
72  Q98.0033.72   Chicken  Australia  N  Y  Y 
73  Q98.0228.5.2  Chicken  Australia  N  N  N 
73  Q98.0072.08   Chicken  Australia  N  Y  Y 
74  Windridge Grower 6   Pig   Australia  Y  N  Y 
75  42167  Chicken  USA  Y  Y  N 
76  UNL-3   Pig  USA  Y  Y  N 
77  P43/6/78T  Pig  UK  Y  Y  Y 
78  GP 32  Pig  PNG  N  N  N 
79  GP 49  Pig  PNG  Y  N  Y 
80  GP 35  Pig  PNG  N  N  N 
81  GP 44  Pig  PNG  N  Y  Y 
82  95/1000   Pig  Australia  N  Y  Y 
83  H60-2   Human   Australia  N  Y  Y 
84  UNL-5   Pig  USA  N  Y  Y 
85  Q97.000.6.8   Chicken  Australia  N  Y  Y 
86  Q97.000.6.2   Chicken  Australia  N  N  Y 
86  Q97.000.6.4   Chicken  Australia  Y  Y  Y Appendix A 
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87  Q97.000.6.7   Chicken  Australia  N  Y  Y 
88  V1 H 120  Human  PNG  Y  N  Y 
90  89/1069   Pig   Canada  N  Y  Y 
91  Margaret   Human   Australia  N  N  Y 
92  GP 5  Pig  PNG  Y  Y  N 
93  GP 3  Pig  PNG  Y  N  Y 
95  Windridge W25   Pig  Australia  N  Y  Y 
96  Q1588.5   Pig   Australia  N  N  Y 
97  ARD 127   Pig  UK  Y  Y  N 
98  Sonny    Human   Australia  N  Y  Y 
99  HRM 4B   Human   Italy  N  N  Y 
100  Richelle    Human   Australia  N  Y  Y 
101  Naomi   Human   Australia  N  N  Y 
102  Willowgrove 7   Pig  Australia  N  Y  Y 
103  Willowgrove IA8   Pig  Australia  Y  Y  Y 
104  Q97.2110.4.1   Chicken  Australia  Y  Y  N 
105  Q97.000.6.22   Chicken  Australia  N  N  Y 
106  Wandalup 015/C138   Pig  Australia  Y  Y  Y 
107  88-3769  Pig  Canada  N  Y  Y 
109  KeltonP5   Pig   Australia  Y  N  N 
110  KeltonP1   Pig   Australia  Y  N  Y 
111  9803  Pig   Australia  Y  N  Y 
113  B1555A   Pig  USA  Y  Y  N 
114  Q98.0072.31   Chicken  Australia  N  N  N 
115  IMR 39  Human  PNG  N  N  Y 
117  89-2005B   Pig  Canada  N  N  N 
118  89-2005A   Pig  Canada  N  N  N 
119  D17   Dog  Australia  N  Y  Y 
120  Jeramiah    Human   Australia  N  Y  Y 
121  Gap 51.2   Human   Australia  N  Y  Y 
122  Karlos   Human   Australia  Y  Y  Y 
123  Marsia    Human   Australia  N  N  Y 
124  89-223A   Pig  Canada  N  Y  N 
125  PWS/B   Pig  UK  Y  N  Y 
126  Meyers K9-12   Dog  USA  Y  N  N 
127  16242-94   Dog  USA  N  Y  Y 
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Appendix B 
 
B1. Manufacturers of materials used to cultivate intestinal spirochaetes 
 
Manufacturers of the medium used to make Kunkle’s broth: 
 
Trypticase Soy agar:        Becton Dickerson, USA 
YeastExtract:          Whatman International Ltd, England 
Glucose:          Merck, Australia 
Sodium hydrogen carbonate:     Sigma Chemical Co., St Louis, USA 
New born calf serum:       CSL Ltd, Australia 
Foetal calf serum:        Biosciences Pty Ltd, Australia 
L-cystine:          Sigma Chemical Co., St Louis, USA 
Cholestrol:          Sigma Chemical Co., St Louis, USA 
Resazurin:          Sigma Chemical Co., St Louis, USA 
 
Manufacturers of the material used in the culture using TSA plates: 
 
Spectinomycin:        Sigma Chemical Co., St Louis, USA 
Vancomycin:          Sigma Chemical Co., St Louis, USA 
Colistin:          Sigma Chemical Co., St Louis, USA 
Ampicillin          Sigma Chemical Co., St Louis, USA 
Trypticase Soy agar:        BBL Microbiology Systems 
GasPak Plus gas generator envelope:   BBL Microbiology Systems 
 
 
B2. PCR reagent manufacturer 
 
Taq DNA polymerase       Invitrogen, Carlsbad, USA 
1Kbp Ladder          Axygen Biosciences, California, USA 
Milli-Q RNAse-free water      Millipore Corporation, USA 
dNTP Mix          Thermo Fisher Scientific, Australia 
PCR 96 well plates         Applied Biosystem, California, USA 
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B3. Preparation of Kunkle’s broth (1L) 
 
To 900ml of distilled water, add 30g of Trypticase soy broth powder, 10g of yeast 
extract, 5g of glucose, 4g of sodium hydrogen carbonate and 1.1ml of concentrated 
HCL. Heat the solution before adding 1g of L-cysteine, 0.02g of cholesterol, 1ml of 
Reazurin, 5ml of newborn calf serum, 40ml of foetal calf serum and top up with 
more distilled water to a total volume of 1L. Continue heating the solution till the 
broth turns yellow, careful not to boil the mixture. The 250ml of broth is then poured 
into a 500ml bottle for culture. Nitrogen is then bubble into the solution to remove 
oxygen that may have gotten in during the transfer. Then bottle is then sealed up 
with a rubber stopper and autoclaved. 
 
 
B4.  Formulae for Buffers 
 
PBS buffer (1L):          8g NaCl 
              0.2g KCl 
              1.44g Na2HPO4 
              0.24g KH2PO4 
 
TBE buffer (1L):          108g Tris base 
              55g Boric Acid 
              20ml EDTA (0.5M) 
 
 
 
 
 
 
 
 
 
 
 List of Figures 
149 
 
LIST OF FIGURES 
The page number listed is the page immediately preceding the table. 
Figure 1.1  Schematic longitudinal-section of a spirochaete.  3 
Figure 1.2  Phylogenetic tree based on 16S rDNA sequences of 66 
Brachyspira isolates. 
11 
Figure 1.3  Transmission electron micrograph of Brachyspira pilosicoli 
attached end-on to the colonic mucosa, showing a "false 
brush border."  
13 
Figure 1.4  MLST flowchart.  30 
Figure 1.5  Molecular structure of ampicillin.  34 
Figure 2.1  Genome map of B. pilosicoli 95/1000.  42 
Figure. 2.2  An example of alignment of sequences of B. pilosicoli 
strains using Bioedit Sequence Alignment Editor. 
45 
Figure 2.3  Unconcatenated NJ tree of sequences of 131 B. pilosicoli 
isolates. 
52 
Figure 2.4  Concatenated UPGMA tree.  53 
Figure 2.5  Population snapshot obtained with eBURST using nucleotide 
sequences at seven gene loci, with 127 STs. 
54 
Figure 2.6  Maximum-likelihood (ML) trees of concatenated sequences 
from combinations of three loci. 
55 
Figure 2.7  Unrooted radiation tree based on concatenated nucleotide 
sequences showing the relationships of the 127 STs of B. 
pilosicoli, and the 25 STs of B. hyodysenteriae and the 25 
STs of B. intermedia. 
58 
Figure 2.8  Genomic maps showing the approximate position of the 7 
MLST gene loci on B. pilosicoli, B. hyodysenteriae, B. 
intermedia and B. murdochii. 
64 
Figure 3.1  Gel electrophoresis photo of VNTR. The lines drawn in red 
connect similar weight markers of the 1kb ladder. 
72 
Figure 3.2  Phylogenetic tree generated using the allelic profile obtained 
from the MLVA sequencing. 
74 
Figure 4.1  Compiled alignment of nucleotide sequences in the first 80 
bases of the 16 strains with those from the blaOXA-63 gene 
from strains B4442 and 95/1000. 
82 List of Figures 
150 
 
Figure 4.2  Nucleotide-based NJ tree showing the evolutionary 
relationship of the blaOXA-63 gene in the tested strains and 
comparison with the four existing bla-OXA sequences. 
85 
Figure 4.3  Concatenated NJ tree generated by MEGA4 program from 
the MLST analysis. 
86 
Figure 4.4  NJ tree generated using the START1 program from the 
MLVA analysis. 
86 
Figure 4.5  Amino acid sequence alignment of OXA-63 from French 
human B. pilosicoli strain BM4442 (OXA-63), porcine B. 
pilosicoli strains 95/1000 and the 16 strains in which the 
presence of the blaoxa-63 gene was detected through PCR 
amplification. 
88 
Figure 4.6  Amino acid-based NJ tree showing the evolutionary 
relationships of the blaOXA-63 gene in the tested strains. 
89 
Figure 4.7  Unconcatenated NJ tree of sequences of 131 B. pilosicoli 
isolates used in the study. 
93 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 List of Tables 
151 
 
LIST OF TABLES 
The page number listed is the page immediately preceding the table. 
Table 1.1  Different classes of beta-lactamases according to their 
functional group. 
35 
Table 2.1  Primers used for amplifying the seven loci used in MLST  41 
Table 2.2  Summary of the allelic number, genetic diversity, GC 
content and variable sites of the loci tested. 
50 
Table 2.3  Table showing the index of association values generated in 
the START2 program. 
51 
Table 2.4  Results of the Shimodaira-Hasegawa test on the 
concatenated trees of three loci. 
56 
Table 2.5  Isolates which formed the second cluster in the radiation tree.  57 
Table 3.1  Sequence of the primers designed for use in the VNTR 
method. 
68 
Table 3.2  Table showing the alignment score, period size of the tandem 
repeat, consensus size of the VNTR, the number of tandem 
repeats and the size of the amplicon amplified using the 
primer. 
71 
Table 3.3  Table showing number of alleles and the number of isolates 
for each allele. 
72 
Table 4.1  Primers used for amplification of the blaOXA-63 gene.  81 
Table 4.2  Results for the number of nucleotide differences from control 
strain B. pilosicoli 95/1000 for the each of the seven MLST 
loci and the blaOXA-63 locus in the 16 strains. 
87 
Table 4.3  Summary of active sites present in the OXA proteins of the 
16 strains. 
89 
Table 4.4  Predicted molecular mass, pI and percentage identity of the 
OXA proteins in the sequenced strains, and other known 
OXA proteins from B. pilosicoli, compared with OXA-136. 
90 
Table 4.5  Names and origins of the 15 B. pilosicoli strains that lacked 
evidence of possessing the blaOXA-63 gene. 
91 
Table 4.6.    Results of the susceptibility tests with ampicillin for the B. 
pilosicoli  strains that had evidence for possessing the full 
blaOXA-63 gene. 
92 List of Tables 
152 
 
 